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ANALYSIS OF LOW ALTITUDE ATMOSPHERIC 
TURBULENCE DATA MEASURED I N  FLIGHT 
SUMMARY 
T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of the research performed 
on t h e  s ta t is t ical  c h a r a c t e r i s t i c s  of atmospheric  turbulence 
encountered by a n  a i r c r a f t  f l y i n g  a t - l o w  a l t i t u d e s .  
The dependence of s e v e r a l  s ta t i s t ica l  p r o p e r t i e s  of t h e  
turbulence  on t h e  d i r e c t i o n  of t h e  f l i g h t  w i t h  r e s p e c t  t o  t h e  
mean wind was eva lua ted .  The t u r b u l e n c e  v e l o c i t i e s  i n  l o n g i -  
t u d i n a l ,  l a t e r a l ,  and v e r t i c a l  d i r e c t i o n  were measured a t  t h e  
wingt ips  of t h e  a i r c r a f t .  
Est imates  were made o f  t he  p robab i l i t y  dens i ty ,  t he  power 
spec t r a ,  and  the  c ros s  spec t r a  of g u s t  t i m e  h i s t o r i e s  measured 
i n  r u n s  p a r a l l e l  and  perpendicular to  t h e  wind d i r e c t i o n .  The 
p r o b a b i l i t y  d e n s i t y  d i s t r i b u t i o n s  of t h e  v e r t i c a l  g u s t s  show 
d i s t i n c t l y  non-Gaussian c h a r a c t e r i s t i c s .  The d i s t r i b u t i o n s  of 
t h e  l o n g i t u d i n a l  and l a t e r a l  g u s t s  a r e  g e n e r a l l y  G a u s s i a n .  
The power s p e c t r a  compare i n  t h e  i n e r t i a l  s u b r a n g e  a t  
some p o i n t s  bet ter  wi th  the  Dryden spectrum, while a t  o t h e r  
p o i n t s  t h e  von Karman spectrum is  a better approximation. I n  
t h e  l o w  frequency range t h e  d a t a  show peaks  or  d ips  i n  t h e  
power s p e c t r a l  d e n s i t y .  
The c r o s s  s p e c t r a  between v e r t i c a l  g u s t s  i n  t h e  d i r e c t i o n  
of t h e  mean wind f o r  t h e  p r e s e n t  data are compared with a 
matched  non-Gaussian  model. The real  component of t h e  c r o s s  
spectrum i s  i n  g e n e r a l  c l o s e  t o  t h e  non-Gaussian  model. The 
imaginary  component,  however,  indicates a l a r g e r  p h a s e  s h i f t  
between these two gust components than w a s  found i n  p r e v i o u s  
research .  
The s p a t i a l  c h a r a c t e r i s t i c s  of turbulence were analyzed by 
comparing autocorrelat ions with the cross  correlat ions between 
the  appropr i a t e  gus t s  a t  t h e  two wingt ips  and by est imat ing 
t h e  i n t e g r a l  s c a l e  l e n g t h s  o f  t h e  l o n g i t u d i n a l  and l a t e r a l  g u s t  
t i m e  h i s t o r i e s .  
The above r e s u l t s  must be regarded  to  be  of a t e n t a t i v e  
na tu re ,  as t h e  d a t a  were ob ta ined  in  on ly  two f l i g h t s .  More 
d a t a  is r equ i r ed  if more d e f i n i t e  c o n c l u s i o n s  a r e  t o  be drawn. 
1. INTRODUCTION 
This  chapter  gives an  in t roduc t ion  t o  t h e  g e n e r a l  area of 
i n t e r e s t  i n  t h i s  r e s e a r c h  program. A review is  given of some 
of t h e  p a s t  r e s e a r c h  on c h a r a c t e r i s t i c  p r o p e r t i e s  of atmospher- 
i c  turbulence  a t  low a l t i tude .   Fur thermore ,   an   explana t ion  of 
the purpose of the  present  s tudy  and  the  reasoning  behind  the  
s e l e c t i o n  of the approach f o r  t h i s  s t u d y  are presented .  
1.1 Background of Past Research 
Random processes  are u s u a l l y  c h a r a c t e r i z e d  by the proba- 
b i l i t y  of the  occurrence  of a c e r t a i n  e v e n t ,  e . g .  a g u s t  w i t h  
a ce r t a in   magn i tude .   Th i s   p robab i l i s t i c   cha rac t e r  i s  expressed 
i n  t h e  p r o b a b i l i t y  d e n s i t y  d i s t r i b u t i o n ,  w h i c h  i s  def ined  as 
P r o b a b i l i t y   d e n s i t y  = P ( x ) d x  = P r o b a b i l i t y   t h a t  x < u x + dx 
U - 
The most commonly  known p r o b a b i l i t y  d e n s i t y  d i s t r i b u t i o n  i s  t h e  
Gauss i an  d i s t r ibu t ion  
P u ( x )  = 1 exp - - 
o p  
(1.1.1) 
T h i s  d i s t r i b u t i o n  i s  genera l ly  used  as a model f o r  atmospheric 
t u r b u l e n c e  i n  t h e  f a t i g u e  t e s t i n g  of a i rc raf t  wings. 
Recent  research showed d i s t i n c t  non-Gaussian character is-  
t i cs  in  a tmospher ic  tu rbulence  encountered  by  a i rc raf t ,  par -  
t i c u l a r l y   i n   t h e  ver t ica l  d i r e c t i o n .  Reeves, e t  a l .  [ll and [ 2 ]  
developed a non-Gaussian model, which c o n s i s t s  b a s i c a l l y  o f  
the a d d i t i o n  of Gaussian  and  Modified Bessel processes .  A 
schemat ic  representa t ion  of th i s  sys t em is  shown i n  f i g u r e l .  
The p r o b a b i l i t y  d i s t r i b u t i o n  a n d  p a t c h y  c h a r a c t e r  of a 
random process  U ( t )  gene ra t ed  in  the  manner described above 
for  the non-Gaussian model are a func t ion  of t h e  r a t i o  of t h e  
s t anda rd  dev ia t ions  
2 
where d ( t l  i s  a Gaussian process and c ( t l  is  a Modified 
Bessel p rocess  gene ra t ed  by  mul t ip l i ca t ion  of t w o  Gaussian 
processes  a ( t l  and b ( t l .  
Reeves i n d i c a t e &  t h a t  t h e  non-Gaussian model with a va lue  
f o r  t h e  s t a n d a r d  d e v i a t i o n  r a t io  R i n  t h e  o r d e r  of u n i t y  would 
a comparison i s  made between t h e  measured data and both the 
Gaussian model and t h e  non-Gaussian model for R = I .  
- g ive  a good  match w i t h  measured  da ta .  In  the  present  research  
A n o t h e r  v e r y  i m p o r t a n t  s t a t i s t i c a l  p r o p e r t y  of atmospheric 
tu rbulence  i s  descr ibed by the power s p e c t r a l  d e n s i t y  . 
The power spectrum provides  information on the average contr i -  
b u t i o n  t o  t h e  random process from the frequency components 
which make it up.  Research by  Burns [31 showed i n d i c a t i o n s  
tha t  t he  shape  o f  t he  power s p e c t r a  was inf luenced  cons iderably  
'by t h e  d i r e c t i o n  o f  f l i g h t  w i t h  r e s p e c t  t o  t h e  mean wind. I t  
showed p a r t i c u l a r l y  t h a t  t h e  power' s p e c t r a l  d e n s i t y  of t h e  
v e r t i c a l  component a t  l o w  f r equenc ie s  w a s  cons iderably  lower 
during  the  crosswind  runs.  I n  t he  p re sen t  r e sea rch  the  shape  
of  the power s p e c t r a  i s  e v a l u a t e d  f o r  d a t a  r u n s  b o t h  p a r a l l e l  
t o  t h e  wind and crosswind. 
Severa l  ana ly t ica l  express ions  have  been  sugges ted  to  
r e p r e s e n t  t h e  power s p e c t r a l  d e n s i t y  o f  t h e  t h r e e  t u r b u l e n c e  
gust  components. The most commonly used  r ep resen ta t ions  are 
those of Dryden [ 4 ]  and  von Karman [51 . Chapter 4 1 p r e s e n t s  
t he  a lgeb ra i c  fo rmula t ions  of these  models.  I n  t h e  r e s u l t s  of 
t h e  p r e s e n t  r e s e a r c h  a comparison is made between t h e  s p e c t r a  
of the measured data and the Dryden and von Karman models. 
A t o p i c  of p a r t i c u l a r  i n t e r e s t  t o  a tmosphe r i c  s c i en t i s t s  
i s  the shear  f low in the boundary layer  of  the atmosphere.  
When a mass o f  a i r  moves ove r  t he  su r face  of t h e  e a r t h ,  
t h e  wind v e l o c i t y  a t  h i g h e r  a l t i t u d e s  w i l l  be higher than 
a t  lower a l t i t u d e s  due t o  t h e  f r i c t i o n  i n  t h e  boundary 
l a y e r .  T h i s  d i f f e r e n c e  i n  hor izonta l   ve loc i ty   p roduces  
r o t a t i o n  i n  the   f low and thus   tu rbulence .  I n  t h e  
s ta t i s t ica l  a n a l y s i s  o f  t h e  t u r b u l e n c e  t h i s  phenomena can  bes t  
be analyzed by determining the cross s p e c t r a l  d e n s i t y  of t h e  
g u s t  component i n  t h e  d i r e c t i o n  of t h e  mean wind c o r r e l a t e d  
w i t h   t h e   v e r t i c a l   g u s t  component.  Elderkin [63 determined 
these  c ross  spec t ra  for  da ta  measured  a t  a l t i t u d e s  up t o  
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87 meters. Reeves, e t  al.[1,21 developed a non-Gaussian model 
based on Elderkin 's  tower measurements. I n  t h e  p r e s e n t  re- 
search  a comparison is  made between the cross s p e c t r a  of t h e  
measured turbulence  and t h i s  non-Gaussian model. 
1 . 2  Purpose of the   Present   S tudy  
The purpose of t h i s  r e s e a r c h  i s  t o  a t t e m p t  t o  determine 
i f  t h e  s t a t i s t i ca l  p r o p e r t i e s  of turbulence  are independent 
of t h e  d i r e c t i o n  of t h e  f l i g h t  p a t h  w i t h  r e s p e c t  t o  t h e  mean 
wind. The s ta t i s t ica l  proper t ies  which  are t o  be e v a l u a t e d  i n  
t h i s  c o n t e x t  are: 
p r o b a b i l i t y  d e n s i t y  d i s t r i b u t i o n  
power spec t r a l  dens i ty  and  the  co r re spond ing  
cross s p e c t r a l  d e n s i t y  and the corresponding 
cross c o r r e l a t i o n  
i n t e g r a l  scale l eng th .  
a u t o c o r r e l a t i o n  
The p r o b a b i l i t y  d e n s i t y  d i s t r i b u t i o n s  a n d  t h e  power 
s p e c t r a  are compared f o r  r u n s  p a r a l l e l  t o  t h e  wind and cross- 
wind. An estimate is  made of t h e  i n t e g r a l  scale lengths   o f  
t h e  t u r b u l e n c e  i n  o r d e r  t o  de te rmine  the  e longat ion  of t h e  
turbulence  eddies .  
An impor tan t  aspec t  of the purpose of the  p re sen t  s tudy  
i s  t h e  e v a l u a t i o n  of t h e  s p a t i a l  d i s t r i b u t i o n  of atmospheric 
turbulence.  The main t o o l s  i n  t h i s  e v a l u a t i o n  are the  auto-  
c o r r e l a t i o n s  of the measured gust  t i m e  h i s t o r i e s  a t  a va lue  of 
t he  time l a g  T where T~ is  t h e  time it t a k e s   t h e   a i r c r a f t  
t o  f l y  a d i s t ance  equa l  t o  the  span  of t h e  a i rc raf t .  These 
a u t o c o r r e l a t i o n s  are then  compared wi th  the  cross c o r r e l a t i o n  
between measured turbulencz veloci t ies  a t  two s e p a r a t e  p o i n t s  
i n  s p a c e ,  t h e  t w o  wingt ips  of t h e  a i r c ra f t .  This  comparison 
should provide an indicat ion whether  t i m e  c o r r e l a t i o n  of a 
g u s t  s i g n a l  w i t h  i tself  i s  equ iva len t  t o  s p a t i a l  c o r r e l a t i o n  
of t w o  gus t  s igna ls  measured  a t  two s e p a r a t e  p o i n t s .  
1 
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2 .  THE TEST AIRCRAFT AND INSTRUMENTATION 
Th i s  chap te r  p re sen t s  a s h o r t  d e s c r i p t i o n  o f  t h e  a i r c r a f t ,  
a twin-engine Beechcraft D-18S, and g i v e s  some c h a r a c t e r i s t i c s  
such as s t a b i l i t y  d e r i v a t i v e s .  The modi f ica t ions   o f   the  air-  
c r a f t  which w e r e  necessary t o  perform the t e s t  program are 
described.  Furthermore a g e n e r a l  d e s c r i p t i o n  of t h e  i n s t r u -  
mentation i s  given.  
2 . 1  Descr ip t ion  of t h e  A i r c r a f t  
The Beechcraf t  D-18s i s  a l o w  wing a l l  metal semi-mono- 
coque a i r c r a f t  w i t h  f u l l y  r e t r a c t a b l e  c o n v e n t i o n a l  l a n d i n g  
gear   (F ig .  2)  . The a i r c r a f t   u s e d  i n  t h i s   r e s e a r c h   p r o -  
gram, N-4545, i s  powered  by  two P r a t t  and  Whitney Model 
R985-14B r a d i a l  e n g i n e s ,  e a c h  r a t e d  a t  450 horsepower. 
The principal dimensions and geometry of t h e  a i r c r a f t  a r e  
g iven  in  Table  1. 
A t  s e v e r a l  p o i n t s  i n  t h e  a n a l y s i s  of t h e  d a t a  it w i l l  be 
necessary t o  know t h e  c h a r a c t e r i s t i c s  of t h e  n a t u r a l  modes of 
t h e  a i r c r a f t .  Sandusky [ 7 ] d i d  a s tudy on t h e  s t a b i l i t y  
d e r i v a t i v e s  a n d  t h e  n a t u r a l  modes of the  Beechcraf t  D-18s. 
Table 2 p r e s e n t s  some es t imates   f rom  th i s   s tudy .  
2 . 2  Modif icat ions 
I n  t h i s  s e c t i o n  some d e t a i l s  are g i v e n  r e l a t i n g  t o  t h e  
necessary  modi f ica t ions  of t h e  a i r c r a f t ,  p a r t i c u l a r l y  w i t h  
r e s p e c t  t o  t h e  i n s t a l l a t i o n  of t h e  g u s t  booms and probes on 
t h e  w i n g t i p s  a n d  t h e  i n s t a l l a t i o n  of equ ipmen t  in  the  cab in  
of t h e  a i r c r a f t .  
The g u s t  booms w e r e  a t t ached  to  the  pods  a t  t h e  w i n g t i p s  
of t h e  a i r c ra f t  (Fig.  2)  These  gust  booms w e r e  designed 
such  tha t  the  probeheads  were p o s i t i o n e d  f a r  i n  f r o n t  o f  t h e  
wing. The e f f e c t  of t h e  a i r f l o w  a b o u t  t h e  wing  on t h e  d a t a  
measurement  was  thereby  minimized. The u p f l o w  i n  f r o n t  of 
the wing a t  cons t an t  ang le  of a t t a c k  is accounted for  through 
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the   probehead  constant  C , which w a s  ob ta ined  from wind- 
tunne l  tests. 
pa 
Vibra t ion  tests on t h e  g u s t  booms showed t h e i r  n a t u r a l  
frequency w e l l  above ten cycles per second, which i s  t h e  
h ighes t  f requency  of i n t e r e s t  i n  t h i s  program. 
The probeheads were d e s i g n e d  t o  c a r r y  t h e  p r e s s u r e  t r a n s -  
ducers, which were connected t o  t h e  p r e s s u r e  p o r t s  on t h e  
hemispher ica l   f ron t   o f   the   p robeheads .  The probeheads were 
f i t t e d  on  the  f ron t  end  of t h e  booms. A more d e t a i l e d  
d e s c r i p t i o n  of the probeheads i s  g iven  in  appendix  Al. 
I n  t h e  c a b i n  of t h e  a i r c r a f t  some modif ica t ions  were made 
t o  f a c i l i t a t e  t h e  i n s t a l l a t i o n  of data  recording equipment .  
I n  t h e  r i g h t  f r o n t  c o r n e r  of the  cabin ,  aga ins t  the  bulkhead  
d iv id ing  the  cockp i t  and  tzhe cabin,  a pane l  w a s  i n s t a l l e d  w i t h  
instruments such a s  a i r s p e e d  i n d i c a t o r ,  a l t i m e t e r ,  o u t s i d e  
a i r  temperature  indicator  and rpm and manifold pressure indi-  
ca to r s   fo r   bo th   eng ines .   Th i s   i n s t rumen t   pane l ,   be ing   l oca t ed  
near the  c .g .  of t h e  a i r c r a f t ,  a l so  con ta ined  the  ve r t i ca l  and  
l a t e r a l  accelerometers. 
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The l e f t  f r o n t  c a b i n  c h a i r  w a s  removed  and i n  i t s  p l ace  
an Ampex F R  1 3 0 0  14 channel FM taperecorder  w a s  i n s t a l l e d .  
J u s t  above t h e  t a p e r e c o r d e r ,  a Tektronix 561 osci l loscope w a s  
f i t t e d  on a s h e l f  w h i c h  i n  t u r n  w a s  f i x e d  t o  t h e  c a b i n  b u l k -  
head. 
2.3  Instrumentation 
The Beechcraf t  D-18s test  a i rcraf t  w a s  ins t rumented  to  
measure  and  record  the  var iab les  necessary  for  the  ca lcu la t ion  
o f  t h e  t u r b u l e n c e  v e l o c i t i e s  i n  l o n g i t u d i n a l ,  l a t e ra l  and 
v e r t i c a l  d i r e c t i o n  a t  the   w ing t ips  of t h e  a i r c r a f t .  The lay- 
o u t  of the   i n s t rumen ta t ion  i s  shown i n   F i g .  3 - A d e t a i l e d  
d e s c r i p t i o n  of t h e  i n s t r u m e n t a t i o n  a n d  t h e  c a l i b r a t i o n  o f  t h e  
ins t rumenta t ion  i s  presented  in  appendix  A .  
Each w i n g t i p  p r o b e  c o n t a i n e d  t h r e e  d i f f e r e n t i a l  p r e s s u r e  
t r ansduce r s  connec ted  to  appropr i a t e  p re s su re  po r t s  on t h e  
hemispherical   head of the  probe  with  short   lengths  of  3/16" 
i . d .  p l a s t i c  t u b i n g  ( F i g .  4 )  . 
The p robehead  cons t an t s  fo r  ve r t i ca l  and  la te ra l  g u s t  
v e l o c i t i e s  w e r e  obtained from wind tunne l  tests of t h e  a c t u a l  
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probes  in  the  Ventur i  wind  tunnel  of  the  Depar tment  of  
Aeronaut ics  and Astronaut ics ,  as w e l l  as from tests of a 1/8 
scale mo6el of t h e  Beech D-18, i nc lud ing  p robes ,  i n  t he  
F. K. Kirs t en  8 '  x 1 2 '  wind t u n n e l  t o  g e t  t h e  effects of flow 
ang les  induced  by  the  a i r c ra f t .  
The r e s u l t i n g  c o n s t a n t s  were: 
!%L = 5.45/rad f o r   v e r t i c a l   v e l o c i t i e s  
qcrP 
= 4.7/rad f o r  l a te ra l  v e l o c i t i e s  
% 
where A p  = pressure   d i f fe rence   be tween  the  2 45' orifices.  
q = dynamic pressure 
(3 8 Bp = ang les  of a t t ack  o f  t he  p robehead  in  r ad ians  
P 
These values compare favorably w i t h  t he  va lue  of 2 = 4 .  S / r a d  ob ta ined  f rom the  theo re t i ca l  ca l cu la t ion  of 
flow of a p e r f e c t  f l u i d  a b o u t  a sphere.  
L o n g i t u d i n a l  v e l o c i t i e s  were measured as d e s c r i b e d  i n  
appendix A . 3 .  
I n  o r d e r  t o  d e t e r m i n e  t h e  g u s t  v e l o c i t i e s  a c t u a l l y  
occurr ing  in  the  a tmosphere  it was necessary t o  remove t h e  
mot ions  o f  t he  a i r c ra f t  f rom the  gus t  ve loc i ty  s igna l s  
measured by the  p re s su re  t r ansduce r s .  Th i s  w a s  achieved  by 
measuring the motions of t h e  a i r c r a f t  w i t h  t h e  f o l l o w i n g  
instrumentat ion system: 
r o l l  r a t e  g y r o  
p i t c h  ra te  gyro 
yaw r a t e  g y r o  
l a t e ra l  accelerometer 
7 
vertical  accelerometer 
vertical  gyro  (measuring  the  roll  angle) 
The  motions  of  the  probeheads  were  calculated  from  these 
signals  in  computer  program  GUST  (appendix B.3). The dif- 
ferences  between  these  computed  probe  velocities  and  the 
velocities  measured  by  the  probes  were  then  the  gust  velocities 
occurring  in  the  atmosphere. 
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3 .  DATA A C Q U I S I T I O N  
The d a t a  w e r e  a c q u i r e d  i n  a series o f  f l i g h t s  w i t h  
Beechcraf t  D-18s N4545, above open water i n  t h e  area of t h e  
Strai ts  of Juan de Fuca, south of Victor ia ,  B. C .  
This  chapter  presents  some a s p e c t s  of t h e  f l i g h t  p l a n n i n g ,  
t he  in - f l i gh t  i n s t rumen t  ope ra t ion  checks ,  and  g ives  a 
d e s c r i p t i o n  of the atmospheric  condi t ions during the tes t  
f l i g h t s  as w e l l  as a desc r ip t ion  o f  t he  phys ica l  f ea tu re s  of 
t h e  area surrounding the test  area. 
3 . 1  F l igh t   P l ann ing  
For each  one  o f  t he  f l i gh t s ,  a f l i g h t  p l a n  w a s  set up 
g i v i n g  a l l  t h e  t e s t  items t h a t  were t o  be performed, and de- 
scr ib ing  the  procedures  and  test  cond i t ions  f o r  each tes t  i t e m .  
Be fo re  each  f l i gh t  it w a s  a s c e r t a i n e d  t h a t  a l l  instruments and 
the  recording  equipment  were opera t ing  proper ly .  The i n s t r u -  
mentation w a s  c a l i b r a t e d  r e g u l a r l y  as descr ibed  in  appendix  A.2.  
T e s t  i t e m  #1 cons is ted  of  the  in- f l igh t  ins t rument  opera-  
t i on  ve r i f i ca t ion ,  u sua l ly  pe r fo rmed  en  rou te  f r o m  Seatt le t o  
the  test  area. I t  cons t i tu ted   p i lo t - induced   mot ions   o f   the  
a i r c r a f t ,  p r e f e r a b l y  i n  s t i l l  a i r .  The s igna ls   o f   the   appro-  
p r i a t e  i n s t r u m e n t s  were monitored a t  t he  ou tpu t  of t h e  recorder 
and checked for  correspondence with the motion.  
I n  s e c t i o n  3 .2  a d e s c r i p t i o n  of the  ins t rument  opera t ion  
checks,  both on the ground and in-f l ight ,  is  given.  
Test itel? # 2  cons i s t ed  of a sequence of motions a t  a l t i -  
tude.  The s i g n a l s  from the   ins t ruments  were recorded   for   use  
in  check ing  of computer  program GUST. A f u r t h e r  d i s c u s s i o n  of 
t h i s  tes t  i t e m  is g i v e n  i n  s e c t i o n  3 . 2  of t h i s  r e p o r t .  
A f t e r  it w a s  a s c e r t a i n e d  t h a t  a l l  instruments  operated 
properly and the motions a t  a l t i t ude  had  been  carried o u t ,  t h e  
a i rc raf t  descended t o  t h e  a p p r o p r i a t e  a l t i t u d e  f o r  test  i t e m  
# 3 ,  the   a tmospheric   turbulence data runs.   These  runs were 
usua l ly  made i n  t h e  area o f  t he  S t ra i t s  of Juan de Fuca, 
although on several occasions,  when no f u l l  data runs  were 
requi red ,  an  area closer t o  S e a t t l e ,  s u c h  as Hood Canal w a s  
s e l ec t ed .  
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Table 3 gives  a  listing of the  flights  performed  with 
Beechcraft D-18s N4545 in  this  research  program.  Flights #1 
through #5 were  mainly  concerned  with  checking  out  the  gust 
probe  booms,  the  electrical  power  supplies  and  the  instrumen- 
tation  installed  in  the  aircraft  for  this  program. 
Flights # 15 and # 16 were  the  data  flights  which  gave 
data  suitable  for  analysis.  The  results  of  this  analysis  are 
presented  in  this  report. 
3 . 2  Instrument  Operation  Checks 
Table 4 presents a listing of the data instruments 
which  were  checked  for  proper  operation  before  each  flight  and 
in  flight  under  test  item #1: In-flight  Instrument  Operation 
Verification. 
On  The  Ground  Checks.-The  pressure  transducers  were 
checked  by  putting  a  pressure  load  on  one  side  of  the  pressure 
transducers.  The  magnitude of the  pressure  was  monitored  on  a 
manometer.  In  appendix  A.2,  calibration  of  the  data  instru- 
ments,  a  description  of  this  system  is  given. 
The  rate  gyros  were  checked  by  positioning  them  on  a 
specially  designed  rocker  table,  which  produced  a  sinusoidal 
oscillation.  Appendix A . 2  also  gives  a  full  description  of 
this  calibration  technique. 
The  accelerometers  were  fixed  on  a  platform  which  could 
be  leveled  and  then  rotated  about  a  horizontal  axis.  The  ac- 
celeration  measured  by  the  accelerometers  varied  sinusoidally 
with  the  angle  of  rotation  of  the  platform. 
The  roll  angle  was  measured  by  the  vertical  gyro,  posi- 
tioned  in  the  nose  of  the aircraft,  which  could  be  rotated 
about  an  axis  parallel  to he  aircraft's  roll  axis. 
A l l  the  output  signals  from  the  above  instruments  were 
checked  at  the  output  of  the 14 channel  tape  recorder,  in 
order to insure  that  all  segments  of  the  data  measuring  and 
recording  equipment  worked  properly. 
In-Flight  Checks.-Operation  of  the  instrumentation  was 
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v e r i f i e d  as t h e  f i r s t  t es t  i t e m  of  each f l ight .  This  checking 
usua l ly  took  p l ace  wh i l e  en  rou te  from Seattle to  t h e  tes t  
area. The p i lo t  i nduced  a i r c ra f t  mo t ions  and  the  appropr i a t e  
s i g n a l s  were monitored, again a t  the  ou tpu t  of t h e  t a p e  
recorder .  
By r o l l i n g  t h e  a i r c r a f t  t h e  v e r t i c a l  p r e s s u r e  t r a n s d u c e r s ,  
t h e  r o l l  rate gyro and ver t ical  gyro could be checked.  Yawing 
and  s ides l ipp ing  provided  an  oppor tuni ty  t o  ver i fy  proper  oper -  
a t i o n  o f  t h e  yaw rate g y r o ,  t h e  l a t e r a l  p r e s s u r e  t r a n s d u c e r s ,  
t h e  lateral  acce lerometer  and  the  longi tudina l  pressure  t rans-  
ducers .  By making t h e  a i r c r a f t  go through a s h o r t  p e r i o d  
p i tch ing  mot ion ,  it w a s  p o s s i b l e  t o  check  the  s igna l  of t h e  
p i t ch  gy ro  and t h e  v e r t i c a l  a c c e l e r o m e t e r .  
Motions a t  Alt i tude.-This  tes t  i t e m ,  # 2  of the f l i g h t  
plan,  was usual ly  performed af ter  it w a s  v e r i f i e d  t h a t  a l l  d a t a  
ins t ruments   opera ted   p roper ly .   These   mot ions ,   ro l l ing ,   shor t  
per iod pi tching,  yawing and a coord ina ted  turn ,  w e r e  made i n  
quick  succession.  The records  from  these  motions were used 
t o  check computer program G U S T ,  which was des igned  to  compute 
g u s t  time h i s t o r i e s  from t h e  p r e s s u r e  s i g n a l s .  A d e t a i l e d  
description of computer program GUST i s  g iven  in  appendix  B.3. 
3 . 3  Data Runs 
F igure  5 g ives  a gene ra l   i dea  of t h e  a r e a  where t h e  
d a t a  r u n s  were made. For ty  miles t o  t h e  southwest of t h e  
cen te r  o f  t he  tes t  a r e a  was M t .  Olympus, 7 9 6 5  f t .  h i g h ,  t h e  
h ighes t  po in t  o f  t he  Olympic Peninsula .  To the  nor thwes t  was 
Vancouver Island, where mountains in the v i c i n i t y  o f  t h e  
S t r a i t s  of Juan de Fuca reach heights of approximately 3600 f t .  
The p r e v a i l i n g  wind flows between these two mountain mass- 
es from the Pacif ic  Ocean,  through the Strai ts  of Juan de Fuca 
toward the Cascade Mountain Range, 80 miles e a s t  of t h e  tes t  
area. 
four  r u n s  w e r e  made, t h e  f i r s t  r u n  i n t o  t h e  wind, the second 
run w i t h  t a i lwind ,  fo l lowed by two crosswind  runs.  Data w e r e  
t aken  fo r  abou t  4 t o  5 minutes during each run.  
During each of  the f l ights  which gave a f u l l  set of  da ta ,  
F igures  
flown during 
s u r f  ace wind 
6 and 7 p r e s e n t   t h e   p a t t e r n s   t h a t  w e r e  
f l i g h t  #15 and #16 r e s p e c t i v e l y ,  The p r e v a i l i n g  
du r ing  the  tes t  per iod  1s  a l s o  Indicated. 
Tables 5 and 6 g i v e  the b a s i c   c o n d i t i o n s  of t h e  
f o u r  d a t a  r u n s  of f l i g h t s  #15 and #16. These are t h e  f l i g h t s  
for which the recorded data could  be  fu l ly  reduced  t o  statis- 
t i ca l  p r o p e r t i e s  of the  tu rbu lence .  
3 . 4  Atmospheric  Conditions 
For  proper  evaluat ion of t h e  s ta t i s t ic  p r o p e r t i e s  of t h e  
atmospheric  turbulence data,  i t  is  necessary t o  know t h e  con- 
d i t i o n s  o f  the atmosphere a t  t h e  time t h e  d a t a  were t aken .  In  
p a r t i c u l a r ,  it i s  important  t o  know  how the  dec rease  of temper- 
a t u r e   w i t h   h e i g h t ,   t h e   l a p s e  ra te  (y = - dT ;iz) , compares  with 
t h e   a d i a b a t i c   l a p s e  ra te  r (I' = l 0 C / 1 U U  M or 5 .5°F /1UU0 ft). 
I n  a hydros ta t ica l ly   uns tab le   a tmosphere  y > r .  Under 
these  cond i t ions  a volume of a i r  which has been displaced up- 
ward w i l l  expe r i ence  an  add i t iona l  force upward. I n  t h e  case 
t h a t  y < I' a volume of a i r  which  has  been  displaced upward 
w i l l  be a t  a lower temperature than i t s  environment and thus 
experience a downward force. An atmosphere  having  these 
c h a r a c t e r i s t i c s  is  c lassi f ied s t a b l e .  
If t h e   l a p s e  ra te  y i s  approximately  equal t o  t h e   d r y  
a d i a b a t i c   l a p s e  ra te  r the  atmosphere i s  c l a s s i f i e d   n e u t r a l .  
Turbulence in  the  a tmosphere  i s  a f f ec t ed  bo th  by t h e  
above mentioned hydrostat ic  condi t ion of  the atmosphere and by 
t h e  mean hor izonta l  f low of  a i r  from which it der ives  energy  
through  the-Reynolds  Stress. This   "mechanical"   turbulence i s  
then dependent on whether the ra te  of energy supply f r o m  t h e  
mean f l o w  exceeds the ra te  of work t o  b e  d o n e  i n  t h e  e a r t h ' s  
g r a v i t y  f i e l d  i n  moving a i r  i n  v e r t i c a l  d i r e c t i o n .  The para- 
meter r e l a t ing  buoyan t  p roduc t ion  to  stress p r o d u c t i o n  i n  a 
u s e f u l  manner i s  the gradient  Richardson number 
(3.4.1) 
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where 0 i s  the  po ten t i a l  t empera tu re  
2 the  he ight  above  the  sur face  
g t h e  g r a v i t y  c o n s t a n t ,  a n d  
u t h e  v e l o c i t y  of t h e  mean flow, - 
For  an  idea l  gas the gradient  Richardson number can be 
expressed as,  r e fe rence  [ 8 I 
Uns tab le   a i r   co r re sponds   t o  Ri < 0 . I f  R i  - 0 t h e  a i r  i s  
c l a s s i f i e d  a s  n e u t r a l .  Under these cond i t ions  t h e  turbulence  
i s  pure ly  dr iven  by t h e  mean flow. 
F o r   s t a b l e   c o n d i t i o n s ,  Ri > 0 , two regions  can  be 
d is t inguished:   one  when -0 < Ri < - 0 . 2 5  , under  which  condi- 
t ions mechanical  turbulence i s  damped  by t h e  t h e r m a l  s t a b i l i t y  
of the  a tmosphere,   and  the  other  when 0 . 2 5  - < Ri , when no 
turbulence  in  ver t ica l  d i rec t ion  can  be  main ta ined .  
F igures  8 and 9 give   the  t mpera ture  as a func t ion  
of a l t i t u d e  f o r  f l i g h t s  # 1 5  and #16, t h e  two f l i g h t s  f o r  which 
t h e  d a t a  are reduced t o  p r o b a b i l i s t i c  c h a r a c t e r i s t i c s  i n  t h i s  
r e p o r t .  I n  t h e s e  f i g u r e s  b o t h  t e m p e r a t u r e s  m e a s u r e d  i n  f l i g h t  
and those measured by t h e  Qui l layute  weather  observa t ion  
s t a t i o n  are presented .  
From the temperature  and the wind veloci ty  information 
p resen ted  in  the  above  f igu res  a c a l c u l a t i o n  was made of t h e  
gradient   Richardson number. Table 7 g i v e s   t h i s   c a l c u l a -  
t ion and the result ing Richardson numbers,  which then give an 
i n d i c a t i o n  of t h e  s t a b i l i t y  of the  a tmosphere  dur ing  the  t i m e  
of t h e  test  f l i g h t s .  
The mos t  des i r ab le  a tmosphe r i c  cond i t ion  fo r  t u rbu lence  
d a t a  c o l l e c t i o n  i s  one where reasonably strong winds occur,  
which is t h e  case for  uns t ab le  a i r .  Table 7 shows t h a t  
the atmosphere w a s  s l i g h t l y  u n s t a b l e  d u r i n g  b o t h  tes t  f l i g h t s .  
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4 .  ANALYSIS AND DISCUSSION  OF  THE RESULTS 
Th i s  chap te r  p re sen t s  an  ana lys i s  of t h e  g u s t  t i m e  
h i s t o r i e s ,  t h e  p r o b a b i l i t y  d i s t r i b u t i o n s ,  t h e  power s p e c t r a ,  
t h e  cross s p e c t r a ,  a n d  t h e  s p a t i a l  c h a r a c t e r i s t i c s  of t h e  
measured  turbulence. The f i rs t  s e c t i o n  g i v e s  t h e  t h e o r e t i c a l  
background for  t h e  a n a l y s i s .  
The da ta  reduct ion  process  which  was fo l lowed in  obta in-  
i n g  t h e s e  r e s u l t s  from t h e  raw data i s  descr ibed  in  appendix  B. 
4.1 Theoretical   Background 
The function which is  general ly  used t o  determine the 
measu re  o f  p red ic t ab i l i t y  of random processes  i s  t h e  cross 
co r re l a t ion  func t ion ,  de f ined  as 
C U w f ' r )  = L i m  - 1 u f t )  w f t  + . r ) d t  1 2T T" (4.1.1) 
-T 
u(t) and w f t )  are t w o  random p r o c e s s e s   a n d   t h i s   c o r r e l a t i o n  
i s  the  measure of p r e d i c t a b i l i t y  of w a t  a f u t u r e  time 
f t  + 'I) based on t h e  knowledge of u a t  time t . 
I f  a random process  i s  c o r r e l a t e d  w i t h  i t s e l f ,  t h e  
func t ion  i s  c a l l e d  a u t o c o r r e l a t i o n  f u n c t i o n  
(4.1.2) 
A parameter of p a r t i c u l a r  i n t e r e s t  i s  t h e  i n t e g r a l  scale 
length ,  def ined  as 
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(4.1.3) 
which i s  a measure  of  the  d is tance  an  a i rc raf t  f l i es  th rough 
turbulence  which i s  c o r r e l a t e d  w i t h  itself. I t  is t h e r e f o r e  
an  ind ica t ion  o f  t he  ave rage  s i ze  of t h e  t u r b u l e n c e  e d d i e s  i n  
the atmosphere. 
Two v e r y  i m p o r t a n t  s t a t i s t i c a l  d e s c r i p t i o n s  of atmospher- 
i ca l  turbulence  are given by the power spec t r a l  dens i ty  and  
t h e  c r o s s  s p e c t r a l  d e n s i t y .  The  power s p e c t r a l  d e n s i t y  of  a 
random process  i s  def ined  as  t h e  Fourier  t ransform of  i t s  auto- 
c o r r e l a t i o n  f u n c t i o n  
(4.1.4) 
where f = frequency i n  cycles/second. The c r o s s   s p e c t r a l  
d e n s i t y  of two  random processes  u i t )  and w i t )  i s  then   the  
Four i e r  t r ans fo rm o f  the i r  c ros s  co r re l a t ion  
(4.1.5) 
-03 
These spectra  are funct ions of  both posi t ive and negat ive fre- 
quency f only  for  mathematical   convenience.   Negative f 
does not  have any physical  s ignif icance.  
I t  i s  n o t e d  t h a t  t h e  power spectrum i s  always a r e a l  
func t ion ,  since it i s  the  Four ie r  t ransform of the  au tocor re l a -  
t ion   func t ion ,   which   conta ins   no   phase   in format ion .  The cross 
spectrum  however, is a complex func t ion  of the  f requency.  The 
r e a l  component is called the  co-spectrum aP whi le   t he  
imaginary component i s  called the quad-spectrum . The 
l a t t e r  component con ta ins  the  in fo rma t ion  on t h e  p h a s e  s h i f t  
@ - i  
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between the t w o  random processes .  
Several  mathematical  models have been suggested t o  de- 
s c r i b e  t h e . p o w e r  s p e c t r a l  d e n s i t y  of t h e  t h r e e  t u r b u l e n c e  g u s t  
components. The model  suggested  by von Karman [ S I  i s  genera l -  
l y  cons idered   the  most a c c u r a t e  one. Dryden's  model [ 4 ]  i s  
usua l ly  used  in  tu rbu lence  s imula t ion ,  as t h e  r e s u l t i n g  s p e c t r a  
can be exact ly  matched using l inear  f i l ters .  Both models  w i l l  
be  used i n  t h i s  r e p o r t  i n  a s l igh t ly  modi f ied  form.  The f o l -  
lowing  changes  are  introduced: (1) i n s t e a d  of a s i n g l e   s c a l e  
l eng th  L f o r  a l l  three  gust   components   independent   values  
f o r  e a c h  g u s t  component w i l l  be  used. ( 2 )  The f o r m  of t h e  
l a t e r a l  power spectrum w i l l  be changed t o  a form s i m i l a r  t o  
t h a t  u s e d  f o r  t h e  l o n g i t u d i n a l  power spectrum. The a l g e b r a i c  
form  of the models  to  be used i n  t h i s  r e p o r t  a r e  t h e n  
von Karman : 
0 
Dryden : 
(4.1.6) 
(4.1.7) 
(4.1.8) 
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Q J f )  = O; Lv 2 
0 E + ( 2 r L v f )  "1 
U 
0 
- 2  7- 
c 
(4.1.10) 
(4.1.11) 
The cross s p e c t r a l  d e n s i t y  (Eq .  4.1.5) provides   in format ion  on 
the  phase  r e l a t ionsh ips  of the frequency components of t w o  
random processes .  In  gene ra l  little is  known a b o u t  t h e  c r o s s  
s p e c t r a  of the gust components of a tmospheric  turbulence.  
Reeves, e t  a l .  [1 ,2lused a mathematical  model based on 
E l d e r k i n ' s  data .  
p" r 
+ -  
t I  
f )  
A , B and R are pa rame te r s   a t i s fy ing   t he   fo l lowing  
c o n d i t i o n s  
1 7  
2LW A > -  
U 
0 
LW B > -  
U 
0 
2 L  
A > L  
U 
0 
L 
B > -  U 
0 
2L 
where R i s  a g a i n   t h e   r a t i o  of t h e   s t a n d a r d   d e v i a t i o n s .   I n  
the comparison between the data from the  p re sen t  r e sea rch  p ro -  
gram and the above model it should be rea l ized  t h a t  t h e  a i r -  
c r a f t  coordinate  system only coincides  with the wind coord ina te  
system  during  the downwind r u n .  I n  t h e  case of the  headwind 
r u n   t h e   s i g n  of t h e  u - w  cross spectrum i s  inversed ,   whi le  
for   the   c rosswind   runs   the  v-ZJ  cross spectrum i s  equ iva len t  
t o  u-ZJ i n   t h e  above  model. 
Wi th  respec t  t o  the  co r re l a t ion  be tween  t w o  g u s t  compo- 
n e n t s ,  i n  t h e  same direct ion,  measured a t  t w o  s e p a r a t e  p o i n t s  
the  fo l lowing  observa t ions  may be made: 
- A t  h igh  f requencies  (small tu rbulence  eddies )  the  
random processes  a t  t h e  two po in t s  s epa ra t ed  by d i s t a n c e  b 
(the wingspan of t h e  a i r c r a f t ) ,  w i l l  occur independently of 
each   o ther .  The cross spectrum w i l l  then be near zero. 
- A t  l o w  f r equenc ie s  ( l a rge  tu rbu lence  edd ie s )  bo th  
sensors  w i l l  measure a similar s ignal  change and the correla- 
t i o n  w i l l  b e  l a r g e .  
- A t  i n t e r m e d i a t e  f r e q u e n c i e s  ( i n  t h e  p r e s e n t  data 
between . 2  and 1 H z )  t h e r e  w i l l  be some co r re l a t ion   and  
the  power spectrum w i l l  have a normalized value 
between  zero  and  approximately . 3  . cT .cT 
z j  
I n  o r d e r  t o  a n a l y z e  t h e  s p a t i a l  c h a r a c t e r i s t i c s  o f  t h e  
turbulence  it i s  n e c e s s a r y  t o  e s t i m a t e  t h e  a u t o c o r r e l a t i o n  
func t ion  o f  t he  gus t  t i m e  h i s t o r i e s  f o r  a va lue  of t h e  time 
l a g  T equa l  t o  t h e  time it t a k e s  t h e  a i r c r a f t  t o  f l y  a 
d i s t ance  equa l  t o  the  wingspan.  This estimate i s  found by 
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t ak ing  the  inverse  Four ie r  t ransform of t h e  power s p e c t r a l  
d e n s i t y  
(4.1.13) 
-OD 
A s  t h e  power spectrum i s  an  even  func t ion  th i s  can  be w r i t t e n  
as 
(4.1.14) 
I n  o r d e r  t o  compare d a t a  from d i f f e r e n t  r u n s  t h e  c o r r e l a t i o n  
func t ions  are normalized t o  y i e l d  c o r r e l a t i o n  c o e f f i c i e n t s  
As bo th  the  co r re l a t ion  func t ion  and  the power s p e c t r a l  
d e n s i t y  are real  f u n c t i o n s  o n l y  t h e  r e a l  p a r t  of t h e  exponen- 
t i a l  f u n c t i o n  i n  t h e  i n t e g r a l  i s  used 
(4.1.16) 
The c r o s s  c o r r e l a t i o n  f u n c t i o n  i s  determined from the 
cross s p e c t r a l  d e n s i t y  i n  t h e  f o l l o w i n g  manner 
19 
From Eq. 4.1.5 
-03 
which  may  be  written as 
C i j t T )  = 1 Q i j t f )  P o s  2nf.r + i s i n  2 ~ f d d f  (4.1.18) 
-03 
As the  two  gust  time  histories  are  measured  at  exactly  the 
same  time  the  cross  correlation  becomes 
(4.1.19) 
The  cross  correlation  is  a  real  function, s  only  the  real 
part of the  complex  cross  spectrum  is  used. As this  real  part 
is even,  the  cross  correlation may  be  written as 
Normalization  gives 
(4.1.20) 
(4.1.21) 
These  expressions (Eqs. 4.1.16 and  4.1.21)  are  used  in 
section 4.5  to  calculate  the  normalized  autocorrelation  and 
cross  correlation. 
4.2  Probability  Distributions 
The  probability  density  distributions of the  gust  compo- 
nents  at  both  wingtips  are  presented  in  figs.10  through 17. 
The  data  were  measured  in  the  following  runs.  Data  showing 
100, samples/sec  were  limited  to  about 150 seconds  in  length, 
while  those  reduced  at 50 samples/sec  could  run  to 300 seconds. 
FLIGHT 
1 5  
16 
RUN 
~~ 
1 
2 
3 
4 
1 
2 
3 
4 
. ~ 
- - . . . . . 
Upwind 
Downwind 
Crosswind,  wind  from  the  right 
Crosswind,  wind  from  the  left 
Upwind 
Downwind 
Crosswind,  wind  from  the  left 
Crosswind,  wind  from  the  right 
The  probability  density of the  vertical  gusts  encountered  by 
the  aircraft  shows  distinctly  non-Gaussian  characteristics, 
particularly  for  the  downwind  and  the  crosswind  runs  (Fig. 
I ~ C  , 12c , and 13c 1 . For the upwind runs it is 
slightly  less  distinct,  but  still  closer  to  the  non-Gaussian 
model than to the Gaussian model (Fig. IoC and 14c . 
An  example of a  particularly  non-Guassian  probability 
density  distribution  is  shown  in  Fig. 18 . The  gust  time 
history  was 170 seconds  long  and  was  sampled  at 100 
samples  per  second. It is  seen  that  the  measured  data  match 
very  well  with  the  non-Gaussian  model  for R = 2 . 
Gusts  in  the  direction  of  the  mean  wind  are  measured  as 
longitudinal  gusts  in  the  up  and  downwind  runs  and  as  lateral 
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gus t s  i n  the  c ros swind  runs .  In  gene ra l  t hese  gus t s  show 
Gauss i an   cha rac t e r i s t i c s   (F ig .  I l a  , 12b , 14a , 1 6 b  
and 17a al though some cases show s t rong   except ion  t o  t h i s  
r u l e   ( F i g .  loa and  15a ) .  
The g u s t  component perpendicular t o  the mean wind is  
measured a s  la teral  g u s t  i n  t h e  up and downwind runs and as 
l o n g i t u d i n a l  g u s t  i n  the  c ros swind  runs .  The g u s t  t i m e  
h i s t o r i e s  of t h i s  component are i n  g e n e r a l  a l so  Gaussian (Fig. 
10b , 12a , 16a ) ,  with ,   aga in ,  some non-Gaussian  excep- 
t i ons   (F ig ,   15a  ) .  
4.3 Power Spec t ra  
The power s p e c t r a l  d e n s i t i e s  of the components of the 
gusts  encountered a t  both  wingt ips  of t h e  a i r c ra f t  are pre- 
s e n t e d   i n   F i g .  1 9  through 2 6  . A l s o  p r e s e n t e d   i n   t h e s e  
graphs are t h e  von Karman and  Dryden spec t ra  (Eqs .  4 . 1 . 6  
through 4.1.11). The s c a l e   l e n g t h  L of t h e s e   s p e c t r a  i s  set  
s u c h  t h a t  t h e  v a r i a n c e  i s  equal  t o  t h e  v a r i a n c e  of t h a t  p a r -  
t i c u l a r  g u s t  time h i s t o r y .  
The L o n g i t u d i n a l G u s t . - G e n e r a l l y  t h e  power 
s p e c t r a l  d e n s i t y  of t h e  l o n g i t u d i n a l  g u s t  component  from 
f l i g h t  #15 compares w e l l  w i th  the  Dryden spectrum, particular-  
l y   f o r   t h e  downwind run   (F igure  20a ) . The s p e c t r a  
of the crosswind runs show a s i g n i f i c a n t  r e d u c t i o n  i n  t h e  
spec t r a l   dens i ty   be tween  . 3  and . 4  Hz . (Fig.  21a 
and  22a ) . Run #3 shows more power a t  very 
low frequencies   (below . I  H z )  while   run # 4  shows much less 
power i n  t h i s  f r equency  r ange .  
The power s p e c t r a  o f  t h e  l o n g i t u d i n a l  g u s t  component from 
f l i g h t  # 1 6  show good correspondence with the von Karman spec- 
t r a ,  p a r t i c u l a r l y  i n  t h e  i n e r t i a l  s u b r a n g e  ( t h e  f r e q u e n c y  
range where energy t ransfer  from lower  to  h igher  f requencies  
t a k e s  p l a c e  w i t h o u t  e n e r g y  d i s s i p a t i o n ) .  However, i n  t h e  l o w  
frequency  range  (below  approximately . 2  H z )  t h e   s p e c t r a  of 
the measured data  of  the upwind  and t h e  downwind runs (Fig.  
23a , 24a ) and of one  crosswind  run  (Fig. 26a 
do n o t  match t h e  von Karman spectrum  very w e l l .  There i s  no 
r e a d i l y  a v a i l a b l e  e x p l a n a t i o n  f o r  t h i s  b e h a v i o r .  
2 2  
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The Lateral Gust Component.-The s p e c t r a  of bo th  the  up- 
wind and t h e  downwind run of f l i g h t  #15 show e x c e l l e n t , c o r -  
respondence  with  the Dryden  model (Figure 19.b and 
20b ) . The spec t r a   o f   t he  la teral  gusts  measured a t  both  
t h e  l e f t  and the  r igh t  wingt ip  dur ing  run  # 3  of f l i g h t  #15 
show a d i p  a t  approximately . 2  Hz (Figure 21b 1 
For run # 4  t h e  power s p e c t r a l  d e m i t y  shows  good correspond- 
ence  with  the  von Karman model  (Figure 22b ) . 
The d a t a  of f l i g h t  #16 gave  spec t ra  which  in  genera l  
corresponded w e l l  w i t h  t h e  von Karman model. Below approxi- 
mately . 2  Hz,however, t h e  .power s p e c t r a l  d e n s i t y  of t h e  
measured  turbulence  fa l l s  be low tha t  of  the  von Karman 
spectrum, and shows tendencies  similar to  those  of  the  longi -  
t u d i n a l   g u s t s .   ( F i g .  24b , 2 %  I and 26b 
The Vertical Gust Component.-The d a t a  of f l i g h t  #15 for  
t h i s  component show a n  i n t e r e s t i n g  phenomenon. The s p e c t r a  
of t h e  upwind and crosswind r u n s  d i s p l a y  a sharp peak a t  
approximately . 2  Ha . (Figure 19c , 21c  and 
d i p  a t  th i s   f requency   (F ig .  2 0 c  ) . This  char- 
a c t e r i s t i c  of t h e  s p e c t r a  i s  apparent ly  due  to  a h e l i c a l  f l o w  
p a t t e r n  i n  t h e  d i r e c t i o n  of t h e  mean wind.  This  f low  pattern 
i s  described  by Brown [ 9 ]  and  by LeMone [10]. I t  c o n s i s t s  
b a s i c a l l y  o f  h o r i z o n t a l  r o l l  v o r t i c e s  i n  t h e  d i r e c t i o n  o f  t h e  
mean wind.  Fig. 27 ( f r o m  [lq) i l l u s t r a t e s   t h e   f l o w  model. 
22c ) . The s p e c t r a  of t h e  downwind run show a 
The peak i n  t h e  power s p e c t r a  o f  t h e  d a t a  may then be 
explained  as   fol lows:   During  the upwind r u n  t h e  a i r c r a f t  
f l e w  i n  t h e  p a r t  of a r o l l  v o r t e x  where strong up o r  down- 
d ra f t s  occu r red ,  wh ich  then  r e su l t ed  in  h igh  power a t   t h i s  
frequency.  During  the downwind r u n  t h e  a i r c r a f t  f l e w  i n  t h e  
c e n t e r  p a r t  of a vortex,  which gave relat ively little power 
i n  this   f requency  range  of   the power s p e c t r a l  d e n s i t y .  Dur- 
ing  the  c rosswind  runs  the  a i rcraf t  c rossed  a number of vor- 
tices a t  r i g h t  a n g l e s ,  e x p e r i e n c i n g  a l t e r n a t e l y  up and down- 
d r a f t s ,  which  then  resu l ted  in  h igher  power a t  th i s  f requency .  
The power s p e c t r a  of t h e  d a t a  of f l i g h t  #16  show t h e  
f o l l o w i n g  c h a r a c t e r i s t i c s :  The s p e c t r a  of t h e  v e r t i c a l  g u s t  
t i m e  h i s t o r i e s  o f  a l l  f o u r  r u n s  i n d i c a t e  h i g h e r  power than  
t h e  von Karman o r  Dryden spectra  above a frequency of 
approximately 5 Hz (F igure  23c 2 4 ~  I 2% I 
and 2 6 c  ) . N o  e x p l a n a t i o n   f o r   t h i s   b e h a v i o r   c o u l d   b e  
found. 
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A t  t h e  l o w  frequency end the power s p e c t r a  o f  t h e  
v e r t i c a l  g u s t  time h i s t o r i e s  d i s p l a y e d  q u i t e  d i f f e r e n t  c h a r -  
acter is t ics  for  d i f f e r e n t  r u n s :  The s p e c t r a  of t h e  upwind 
run  dropped  sharply  below  approximately . 2 5  Hz (Figure 
23c ) . The s p e c t r a  of t h e  downwind run  remained  steady 
below - 5  H z ,  b u t  for  t h e  l e f t  wing t h e  v a l u e  w a s  below t h e  
level expected f r o m  t h e  von Karman and Dryden spec t r a ,  wh i l e  
f o r  t h e  r i g h t  wing  the  spec t ra  s tayed  above  th i s  level (Fig.  
2 4 c  ) . The s p e c t r a  of the  crosswind  runs showed 
a s h a r p  d i p  a t  approximately . 2  H z ,  similar t o  t h e  d i p  
encountered  in  the  spec t ra  of  the  downwind run of f l i g h t  #15 
(Fig.  25c  and 2 6 c  ) . 
Within the time a v a i l a b l e  f o r  t h e  e v a l u a t i o n  o f  t h e  d a t a  
i t  w a s  n o t  p o s s i b l e  t o  f ind  an  explana t ion  f o r  t h e  c h a r a c t e r -  
i s t ics  o f  t he  power s p e c t r a  of t h e  ve r t i ca l  g u s t  t i m e  
h i s t o r i e s  m e a s u r e d  i n  f l i g h t  #16 .  
I n  g e n e r a l  it can be concluded that  in  some cases t h e  
von Karman spec t r a  p rov ide  a good d e s c r i p t i o n  of the turbu-  
l e n c e ,  w h i l e  i n  o t h e r  cases t h e  Dryden s p e c t r a  g i v e  a b e t t e r  
approximation. A t  low frequencies   sharp  peaks or d ips   occu r ,  
which are approximated by neither model. 
4.4 Cross Spec t ra  
I n  t h i s  s e c t i o n  t w o  a s p e c t s  of t h e  c r o s s  s p e c t r a  of t h e  
measured data are considered. 
(1) The C o r r e l a t i o n  Between t h e  
i n  t h e  D i r e c t i o n  of t h e  Mean Windand the Vertical  Component. 
- Figures  28 and 2 9  p r e s e n t  t h e s e  cross s p e c t r a  f o r  
t h e  d a t a  of f l i g h t  #15 and #16. A s  i n d i c a t e d  i n  s e c t i o n  4 . 1  
f o r  t h e  up  and downwind runs   t he  u-w spectrum  should  be 
considered,   while   for   the  crossiwnd  runs  the v-w c r o s s  
spectrum  should  be  considered.   These  graphs  a lso show t h e  
non-Gaussian  model  (Eq. 4 . 1 . 1 2 )  w i th  the  appropr i a t e  scale 
l eng ths .  I t  i s  seen   t ha t   t he   co - spec t rum  ( the  real  p a r t  o f  
t h e  c r o s s  s p e c t r a l  d e n s i t y )  of the non-Gaussian model in 
general  corresponds reasonably w e l l  with the co-spectrum 
of  themeasured  data  (Fig.  28b , 28d , 29a ) . H owe ve r , 
the imaginary component, the quad-spectrum, of t h e  p r e s e n t  
d a t a  i s  usua l ly  l a rge r  t han  w a s  assumed in  the non-Gaussian 
model (F igures  28 and 2 9  ) . This   nd ica t e s  a l a r g e r  
.~ . -~ - 
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phase s h i f t  between t h e  g u s t  component i n  t h e  d i r e c t i o n  o f  
t h e  mean wind and t h e  v e r t i c a l  g u s t  component. 
( 2 )  The C o r r e l a t i o n  Between t h e  Component  of a Gust a t  t h e  
Left  Wingt ip  and the Gust Component i n  t h e  Same D i r e c t i o n  a t  
the  Right  Wingtip.-Fig.  30 through . 32 p r e s e n t   t h e s e  
c r o s s  s p e c t r a  f r o m  the d a t a  of f l i g h t  #15 and #16. These 
graphs show a t  which  f requency  the  t rans i t ion  f r o m  no c o r r e l a -  
t i o n  ( a t  h igh  f requencies ,  small t u r b u l e n c e  e d d i e s )  t o  f u l l  
c o r r e l a t i o n  ( a t  low f r equenc ie s ,  l a rge  tu rbu lence  edd ie s )  t akes  
p l ace .  Fo r  the  long i tud ina l  gus t  component t h i s  o c c u r s  u s u a l l y  
a t  approximately the same frequency ,  i r respec t ive  of  the  d i rec-  
t i o n  of t h e  wind w . r . t .  the f l i g h t  p a t h  o f  t h e  a i r c r a f t  ( F i g .  
30 ) . 
The la teral  g u s t s  are c o r r e l a t e d  up to  h ighe r  f r equenc ie s  
fo r   t he   c ros swind   runs   (F ig .  31c , 31d , 31g , 31h ) 
than i s  t h e  c a s e  f o r  t h e  up and downwind runs  (Fig.  31.a, 
31b , 31e , and 3 l f  ) . 
F o r  t h e  v e r t i c a l  component no p a r t i c u l a r  t r end  could be 
d i s t i n g u i s h e d  i n  t h i s  r e s p e c t .  However, f o r  s e v e r a l  r u n s  t h e  
r e a l  and imaginary component of the cross spectrum w e r e  approxi- 
mately  equal  and a t  low f requencies  (.U5 t o  .Z Hz) r e tu rned  
t o  z e r o  c o r r e l a t i o n .  T h i s  w a s  p a r t i c u l a r l y  t h e  c a s e  f o r  t h e  
up and downwind r u n s   o f   l i g h t  #15 (F ig .  32a , 32b ) and 
f o r  t h e  upwind r u n  o f  f l i g h t  # 1 6  (Fig.  32e ) . 
4 . 5  S p a t i a l   C h a r a c t e r i s t i c s  
I t  i s  a g a i n  e m p h a s i z e d  t h a t  t h e  r e s u l t s  p r e s e n t e d  i n  t h i s  
s e c t i o n  a r e  based on  a l imited amount of d a t a ,  and t h e  
conclusions drawn are t h e r e f o r e  of a t e n t a t i v e  n a t u r e .  
The a n a l y s i s  of t h e  s p a t i a l  c h a r a c t e r i s t i c s  i s  based 
on the  fo l lowing  cons ide ra t ions .  
(1) According to   Taylor ' s   Hypothes is  [I11 t h e  t i m e  f l u c t u a -  
t i o n s  of turbulence a t  a f i x e d  p o i n t  can be considered equal  
t o  the  f luc tua t ions  caused  a t  t h a t  p o i n t  by t h e  e n t i r e  f ie ld ,  
f r o z e n  a t  a p a r t i c u l a r  i n s t a n t  and convected past  the point .  
I n  t h i s  a n a l y s i s  an attempt i s  made to check the hypothesis by 
compar ing  the  au tocor re l a t ion  func t ion  a t  a t i m e  l a g  -r1 
('1 aircraft v e l o c i t y  
wingspan - ) w i t h   t h e c r o s s   c o r r e l a t i o n   f u n c t i o n  
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o f  t h e  a p p r o p r i a t e  g u s t s  a t  t h e  two wingt ips .  E.g,., the  au to-  
c o r r e l a t i o n  of t h e  l o n g i t u d i n a l  g u s t  component f o r  t h e  up or 
downwind run  i s  compared w i t h   t h e  V - V  c r o s s  c o r r e l a t i o n  of 
the crosswind Iruns. 
The c o r r e l a t i o n s  are c a l c u l a t e d  from t h e  s p e c t r a  i n  t h e  
manner d e s c r i b e d   i n  s e c t i o n  4.1.  Table 8 p r e s e n t s   t h e  
no rma l i zed  au tocor re l a t ions  and  c ross  co r re l a t ions  f rom f l igh t  
#15 f o r  t h i s  comparison. 
The r e s u l t s   p r e s e n t e d   i n  Takle 8 give  no  conclusive 
evidence. The a u t o c o r r e l a t i o n  C u ( ~ , )  of   the downwind run 
does  not  compare  very w e l l  w i t h  t h e  c r o s s  c o r r e l a t i o n  C v v ( U )  
of t h e   c r o s s w i n d   r u n s .   S i m i l a r l y   t h e   a u t o c o r r e l a t i o n  
C v ( ~ , )  of  run # 4  does  not  compare w e l l  w i th  the  c ros s  co r re l a -  
t i o n s  ( 0 )  of   the  up  and downwind runs.  I t  i s  noted 
however t h a t   t h e   a u t o c o r r e l a t i o n  ? u ( ~ , )  of   the downwind run 
is  of approximately the same magni tude  as  the  c ross  cor re la t ion  
C (0) of t h e  up  and downwind runs .   S imi la r ly   the   au tocor-  
r e l a t i o n  C v ( ~ , )  of run # 4  i s  approximate ly   equal   to  C v v ( U )  . 
- 
.., 
- 
cuu 
.., 
uu Y - 
( 2 )  The s t ruc tu re  o f  t he  tu rbu lence  may a l so  be  ana lyzed  
by compar ing  the  au tocorre la t ion  of  a p a r t i c u l a r  g u s t  compo- 
n e n t  a t  t i m e  l a g  T, wi th   t he   c ros s   co r re l a t ion   be tween   t h i s  
g u s t  component and t h e  component i n  t h e  same d i r e c t i o n  a t  t h e  
o t h e r  w i n g t i p .  E . g . ,  t h e  a u t o c o r r e l a t i o n  o f  t h e  v e r t i c a l  g u s t  
i s  compared  with  the w-w c r o s s   c o r r e l a t i o n   o f   t h e  same d a t a  
run.  Table 9 p r e s e n t s   t h e   r e s u l t s  of t h i s  comparison. 
These c o r r e l a t i o n s  are a l s o  computed  from t h e  s p e c t r a  i n  t h e  
manner d e s c r i b e d   i n   s e c t i o n  4 .1 .  
I t  i s  s e e n  t h a t  t h e  a u t o c o r r e l a t i o n s  compare reasonably 
w e l l  w i th  the  c ros s  co r re l a t ions ,  i ndependen t  o f  t he  d i r ec t ion  
of  the mean wind w . r . t .  t h e  f l i g h t p a t h .  
( 3 )  A t h i r d  a s p e c t  of the   s t ruc ture   o f   a tmospher ic   tu rbu-  
lence which can be checked i s  the  e longat ion  of  the  turbulence  
eddies .   This  i s  done  by e s t i m a t i n g  t h e  i n t e g r a l  s c a l e  l e n g t h s  
by matching the variance of the measured turbulence with t h e  
va r i ance  o f  t he  long i tud ina l  Dryden  model. The r e s u l t i n g  s c a l e  
l e n g t h s  a r e  a n  i n d i c a t i o n  of t h e  s i z e  of t he  edd ie s  i n  t h e  
d i r e c t i o n   o f '   t h e   f l i g h t  of t h e   a i r c r a f t .   T a b l e  10 p r e s e n t s  
t h e  s c a l e  l e n g t h s  f o r  t h e  t h r e e  components  of t h e  g u s t s  a t  
b o t h  t h e  l e f t  and r i g h t  w i n g t i p s .  As i s  seen i n  t h i s  t a b l e ,  
t h e  v e r t i c a l  g u s t  u s u a l l y  h a s  t h e  smallest sca l e  l eng th ,  wh i l e  
t h e  scale l eng th  o f  t he  long i tud ina l  gus t  i n  any  g iven  run  i s  
u s u a l l y  t h e  l a r g e s t .  I n  v i r t u a l l y  a l l  c a s e s  t h e  s c a l e  l e n g t h s  
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es t imated  for  t h e  g u s t s  of t h e  downwind run are l a r g e r  t h a n  
t h e  scale i eng ths  of t h e  .bpwind r u n  d a t a .  
5. CONCLUSIONS AND RECOMMENDATIONS 
The a n a l y s i s  p r e s e n t e d  i n  c h a p t e r  4 centered on the 
examination of the following aspects:  
- The c h a r a c t e r i s t i c s  of t h e  p r o b a b i l i t y  d e n s i t y  
- The c h a r a c t e r i s t i c s  of t h e  power s p e c t r a  a n d  t h e i r  
dependence on t h e  d i r e c t i o n  of t h e  wind w . r . t .  t h e  
f l i g h t p a t h .  
func t ion .  
- The p rope r t i e s  o f  t he  cross spec t r a .  
- The s p a t i a l  d i s t r i b u t i o n  of a tmospheric  turbulence.  
This chapter summarizes some of t h e  major conclusions and 
presents  recommendations fo r  f u r t h e r   s t u d y .  I t  should  be 
r e a l i z e d  t h a t  t h e s e  c o n c l u s i o n s  are based on a l i m i t e d  amount 
of  data  and are therefore  of  a t e n t a t i v e  n a t u r e .  
(1) I t  i s  concluded   tha t   the   p robabi l i ty   dens i ty   func-  
t i o n s  of t h e  v e r t i c a l  g u s t s  show d i s t i n c t  non-Gaussian 
c h a r a c t e r i s t i c s .  The longi tudina l   and  l a t e ra l  g u s t  t i m e  
h i s t o r i e s  are general ly   Gaussian.  N o  particular  dependence  on 
the d i r e c t i o n  o f  t he  mean wind w . r . t .  t h e  f l i g h t p a t h  c a n  be 
discovered.  
( 2 )  The  power spectra  do  depend upon t h e  d i r e c t i o n  of 
t h e  mean wind w . r . t .  t h e  f l i g h t p a t h ,  p a r t i c u l a r l y  when t h e r e  
i s  a p o s s i b i l i t y  t h a t  a he l i ca l  secondary flow pattern as 
d e s c r i b e d  i n  [ 9  ] and [lo] i s  p resen t .  
( 3 )  From t h e   a n a l y s i s  of the cross s p e c t r a ,   r e p r e s e n t i n g  
t h e  j o i n t  power and t h e  phase  sh i f t  be tween two g u s t  t i m e  
h i s to r i e s ,  t he  fo l lowing  conc lus ions  may be drawn. 
(a)  The co-spectrum of t h e  g u s t  component i n  t h e  
d i r e c t i o n  of t h e  mean wind and t h e  v e r t i c a l  
g u s t  component i s  i n  t h e  same order of magni- 
tude as the co-spectrum measured by Elderk in ,  
i n d i c a t i n g  t h a t  t h e  j o i n t  power i s  about  the  
same as found i n  previous research. The quad- 
spectrum,  however, i s  considerably larger  which 
i n d i c a t e s  a l a rge r  phase  sh i f t  be tween  these  
two gust components than w a s  found in  prev ious  
research. 
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(b)  The d a t a  p e r t a i n i n g  t o  the   cor re la t ion   be tween 
two g u s t s  i n  t h e  same d i rec t ion ,  one  at t h e  
l e f t  wingtip and one a t  t h e  r i g h t  w i n g t i p ,  
i nd ica t e  tha t  t he  t r ans i t i on  be tween  "no  cor- 
re la t ion"   (h igh   f requency)   and   " fu l l  correla- 
t ion"  ( low  frequency)  normally  occurs  between 
. 7  and 2 . 5  Hz . I n  some cases, p a r t i c u l a r l y  
f o r  t h e  v e r t i c a l  component ( w - w  cross  spectrum),  
t h e  c r o s s  s p e c t r a l  d e n s i t y  becomes very  smal l  
aga in  a t  low f r equenc ie s .  
(4) From t h e   a n a l y s i s  of t h e  s p a t i a l  c h a r a c t e r i s t i c s  
t h e  fo l lowing  
(a) 
conclusions may be drawn: 
The da ta  p re sen ted  fo r  t he  conf i rma t ion  o f  
Taylor 's   Hypothesis   (Table  9 ) give  no 
conclusive evidence.  
From the comparison between the autocorrela- 
t i o n  C W ( - r I )  and  the cross c o r r e l a t i o n  C w w ( U l  
presen ted   i n  Tab le  8 it i s  concluded   tha t  
t h e  time co r re l a t ion  o f  a v e r t i c a l  g u s t  w i t h  
i t s e l f  i s  approximate ly  equal  to  the  space  
correlat ion between two v e r t i c a l  g u s t s  ( a t  a 
d i s t a n c e  of 4 7  f t . ,  t he  wingspan  o f  t he  a i r -  
c r a f t ) ,  i n d e p e n d e n t  o f  t h e  d i r e c t i o n  of t h e  
f l i g h t p a t h  w . r . t ,  t h e  mean wind. 
The a n a l y s i s  of t h e  s t r u c t u r e  of atmospheric 
tu rbulence  by e s t ima t ing  the  e longa t ion  o f  t he  
turbulence  eddies  does  not  provide  conclus ive  
evidence. 
- - 
I n  view of the above conclusions,  the following recom- 
mendat ions  for  fur ther  research  are made: 
(1) Methods  be  developed to  accu ra t e ly  measu re  gus t  
s p e c t r a  i n  t he  low frequency range 
( 2 )  Further   research  should  be  done  to   determine  the 
charac te r  of  t h e  phase  sh i f t  be tween  the  gus t s  i n  t h e  d i -  
r e c t i o n  of t h e  wind  and t h e  v e r t i c a l  g u s t s .  T h i s  i s  p a r t i c u -  
l a r l y  i m p o r t a n t  f o r  b e t t e r  e s t i m a t i o n  of s h e a r  f l o w s  a t  low 
a l t i t u d e .  
( 3 )  More au tocor re l a t ion   and   c ros s   co r re l a t ion   da t a   a r e  
requi red  before  fur ther - reaching  conclus ions  on t h e  s p a t i a l  
c h a r a c t e r i s t i c s  c a n  be made, 
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Horizontal 
Tail 
Vertical 
Tail Wing 
Reference  Area,  ft 
Span,  ft 
NA 5.16 8.06 Mean  Aerodynamic  Chord,  ft 
5.42 15.0  47.64 
2 351.58 33.58** 65.4* 
b 1 
* including elevator 
* *  total,  both  tails 
TABLE 1. BEECHCRAFT D-18s PRINCIPAL  DIMENSIONS 
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I 
- " 
Es t ima ted  V a l u e  
I 
C h a r a c t e r i s t i c  ~- 
j T h e o r y  F l i g h t  test Windtunnel 
Mode 
Roots:  Real n : - .016 
Imaginary w i + .166 
I 
1 
- .016 
+ .163 
- .010 
.150 
Period T sec j 37.9 
1 38-6 r 42.0 Phugoid 
Time  to Half ' 41.8 
Amplitude,  sec 
! 
__ . "_ 
Roots:  Real n .- 1 1 i ~ o l  
Imaginary w ~ 3.15 
1 
42.3 69 .O 
__ . - -. ." - " - . 
Short 
Period 
"_ "_ 
- 2.92 
2.71 
I 
Period T, sec  1.99 I 2.32 i I 
Time to Half 
Amplitude,  sec 1 .23 
! 
.24 
"- 17.05 Time  Constant T 
Time to Double ' 35.79 
Amplitude,  sec i 11.8 
- . . - . -  . " .. . 
Rolling 
Convergence 
Time  Constant T I -24 .23 
.17 .16 "- 
. 
-.22 
-" 2.2 
-" 
Time  to  Half 
Amplitude,  sec 
"" " 
Roots:  Real n -. 28 
Imaginary w 2.4 
Period T, sec  2.61 2.92 "- 
Time  to  Half 
Amplitude.  sec 
TABLE 2 .  CHARACTERISTICS  OF THE NATURAL  MODES 
OF THE  BEECHCRAFT D - 1 8 s .  
3 3  
F l i g h t  
1-5 
6 
7 
8 
9 
10 
11 
1 2  
1 3  A 
1 3  B 
1 4  
15 
16 
Date 
Var ious  
6 /13/73  
8 /9 /73  
8 /21/73  
7/25/74 
8/1/74 
8/15/74 
8/26/74 
9 /6 /74  
9/7/74 
10/18/74 
11/25/74 
12/17/74 
TABLE 3 .  
Winds 
l s t r u m e n t a t  
230105 
. - . .I. 
225110 
030/10G15 
210/05 
030108 
310106 
310106 
310107 
250107 
260/18G24 
080/06 
I 
c 
T e s t  Items Performed 
I n s t r u -  
t i o n  
A l t i t u d e  V e r i f i c a -  
a t  ment Op. 
Motions 
~. ~ ~~ 
- - .. - .. -I-._ .. . 1’ ..__  _:.= :.- 
In Check F l i g h t s  
I 
I 
Abor ted  due  to  mal- 
f u n c t i o n i n g  p r e s s u r e  
t r a n s d u c e r s .  
-. 
Data 
Runs 
4 
1 
4 
5 
1 
2 
4 
4 
- 
-r 
T 
FLIGHTS PERFORMED WITH  BEECHCRAFT 
D-18s N 4 5 4 5  
Area 
S t r a i t s  of 
Juan  de  Fuc: 
Hood Canal 
S t r a i t s  o f  
Juan  de  Fucz 
P t . Angeles  
Hood Canal 
S t r a i t s  o f  
Juan  de  Fuca 
Puget  Sound 
Puget  Sound 
Puget  Sound 
S t r a i t s  o f  
Juan de Fuca 
S t r a i t s  o f  
Juan de Fuca 
3 4  
I 
- 
:h. 
io. 
L 
1 
2 
3 
4 
5 
6 
7 
8 
9 
.o 
.1 
-2 
Measured 
V a r i a b l e  
''x L e f t  
'py L e f t  
'pz L e f t  
"x Righ t  
"y R igh t  
"z R igh t  
r o l l  rate 
P 
p i t c h  rate 
q 
yaw rate r 
lateral  
accelera- 
t i o n  a 
Y 
v e r t i c a l  
a c c e l e r a -  
t i o n  a z 
r o l l  
a n g l e  @ 
Ins t rumen t  
l iff .  p r e s s u r e   t r a n s d u c e r  
l i f f .  p r e s s u r e   t r a n s d u c e r  
l i f  f . p r e s s u r e   t r a n s d u c e r  
l i f f .  p r e s s u r e  t r a n s d u c e r  
l i f f .  p r e s s u r e  t r a n s d u c e r  
l i f f .  p r e s s u r e  t r a n s d u c e r  
:ate gyro  
:ate gyro  
:ate gyro  
l cce l e romete r  
t cce l e romete r  
rertical gyro 
Make 
Sta tham 
Sta tham 
Sta tham 
Sta tham 
Sta tham 
Sta tham 
Honeywell 
Honeywell 
Honeywell 
S ta tham 
Statham 
Honeywell 
Model 
PM283TC 
PM283TC 
PM283TC 
PM2 83TC 
PM283TC 
PM283TC 
JG7005A- 
11 
JG7005A- 
11 
JG7005A- 
11 
A301TC 
NA1 D47 
JG7044A- 
1 7  
TABLE 4 .  DATA INSTRUMENTS. 
~ ~~ 
Range 
k .15 p s i d  
k . 15  ps id  
f . 15   p s id  
f .15 p s i d  
f . 15   p s id  
f .15   ps id  
?s 6 d e g / s e c  
f 6 d e g / s e c  
? 6 d e g / s e c  
f l g  
f 85" 
FLIGHT  15/RUN 1 INITIAL  CONDITIONS 
TEST LOCATION STRAITS J U A N  DE FUCA 
LOCAL ALTIMETER  SETTING  30.29 I N  HG 
WIND DIRECTION  290  MAGNETIC 
WIND VELOCITY 2 0  KNOTS 
DIRECTION OF FLIGHT 290 MAGNETIC 
RELATIVE W I N D  COMPONENTS 
3 4  FPS, FROM  AHEAD 
0 F P S ,  
CALIBRATED  AIRSPEED 1 3 2  MPH 
PRESSURE  ALTITUDE 200 F T  
HEIGHT ABOVE SURFACE 2 0 0  F T  
OUTSIDE  AIR TEMPERATURE 4 8  DEG F 
ATMOSPHERIC  DENSITY  (RO) . 0 0 2 4 1 1  SL/CU  FT 
AIRCRAFT TRUE AIRSPEED 1 9 2 . 2  FPS 
DYNAMIC PRESSURE 4 4 . 5 5  PSF 
FLIGHT  15/RUN 2 INITIAL  CONDITIONS 
TEST  LOCATION  STRAITSJUAN DE FUCA 
LOCAL ALTIMETER  SETTING  30.29 I N  HG 
W I N D  DIRECTION FROM 2 9 0  MAGNETIC 
W I N D  VELOCITY 2 0  KNOTS 
DIRECTION OF FLIGHT 115 MAGNETIC 
RELATIVE WIND COMPONENTS 
3 4  FPS, FRM BEHIND 
3 FPS, FROM RIGHT 
CALIBRATED  AIRSPEED 1 3 1  MPH 
PRESSURE  ALTITUDE 2 0 0  F T  
HEIGHT ABOVE SURFACE 2 0 0  F T  
OUTSIDE  AIR TEMPERATURE 4 8  DEG F 
ATMOSPHERIC  DENSITY  (RO) . 0 0 2 4 1 1  SL/CU F T  
AIRCRAFT TRUE AIRSPEED 1 9 0 . 8  FPS 
DYNAMIC PRESSURE 4 3 . 8 7  PSF 
TABLE 5A. FLIGHT  CONDITIONS,  FLIGHT #15 
RUNS 1 AND 2 .  
36 
FLIGHT  15/RUN 3 INITIAL  CONDITIONS 
TEST LOCATION STRAITS  JUAN DE FUCA 
LOCAL ALTIMETER  S TING 30.29 I N  HG 
WIND DIRECTION 2 9 0  MAGNETIC 
WIND VELOCITY 20 KNOTS 
DIRECTION  OF  FLIGHT 220 MAGNETIC 
RELATIVE WIND COMPONENTS 
1 2  FPS, FROM  AHEAD 
32 FPS, FROM RIGHT 
CALIBRATED  AIRSPEED 130 MPH 
PRESSURE ALTITUDE 200 F T  
HEIGHT ABOVE SURFACE 200 FT 
OUTSIDE  AIR TEMPERATURE 4 8  DEG F 
ATMOSPHERIC  DENSITY  (RO) - 0 0 2 4 1 1  SL/CU F T  
AIRCRAFT TRUE AIRSPEED 189.3 FPS 
DYNAMIC PRESSURE 4 3 . 2 1  PSF 
FLIGHT  15/RUN  4  INITIAL  CONDITIONS 
TEST LOCATION STRAITS JUAN DE FUCA 
LOCAL ALTIMETER  SETTING 30.29 I N  HG 
WIND DIRECTION FROM 290 MAGNETIC 
WIND VELOCITY 20  KNOTS 
DIRECTION OF FLIGHT 3 0 MAGNETIC 
RELATIVE W I N D  COMPONENTS 
6 FPS, FRM BEHIND 
33 FPS, FROM LEFT 
CALIBRATED  AIRSPEED 1 3 2  MPH 
PRESSURE  ALTITUDE 2 0 0  F T  
HEIGHT ABOVE SURFACE 200 F T  
OUTSIDE A I R  TEMPERATURE 4 8  DEG F 
ATMOSPHERIC  DENSITY  (RO) . ( IO2411 SL/CU F T  
AIRCRAFT TRUE AIRSPEED 1 9 2 . 2  FPS 
DYNAMIC PRESSURE 4 4 . 5 5  PSF 
TABLE 5B. FLIGHT  CONDITIONS,  FLIGHT #15 
RUNS 3 AND 4 .  
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FLIGHT 16/RUN 1 INITIAL  CONDITIONS 
TEST  LOCATION  WEST  OFAN JUAN  ISLANDS 
LOCAL  ALTIMETER  SETTING  30.12  IN HG 
WIND  DIRIXTION  FROM  255  MAGNETIC
WIND  VELOCITY 10 KNOTS 
DIRECTION  F FLIGHT  2 5 5 MA NETIC 
RELATIVE  WIND  COMPONENTS 
17 FPS, FROM  AHEAD 
0 FPS, 
CALIBRATED  AIRSPEED 132 MPH 
PRESSURE  ALTITUDE 100 FT 
HEIGHT  ABOVE  SURVACE 95 FT 
OUTSIDE  AIR  TEMPERATURE 58 DEG  F 
ATMOSPHERIC  DENSITY  (RO) .002373 SL/CU FT 
AIRCRAFT  TRUE  AIRSPEED 193.8 FPS 
DYNAMIC  PRESSURE 44.55 PSF 
FLIGHT 16/RUN  2  INITIAL  CONDITIONS 
TEST  LOCATION  WEST  OFAN JUAN  ISLANDS 
LOCAL  ALTIMETER  SETTING  30.12  IN HG 
WIND  DIRECTION  FROM  255  MAGNETIC
WIND  VELOCITY 10 KNOTS 
DIRECTION  OF  FLIGH 95 MAGNETIC 
RELATIVE  WIND  COMPONENTS 
16 FPS, FRM  BEHIND 
6 FPS, FROM  RIGHT 
CALIBRATED  AIRSPEED 132 MPH 
PRESSURE  ALTITUDE 110 FT 
HEIGHT  ABOVE  SURFACE 105 FT 
OUTSIDE  AIR  TEMPERATURE 58 DEG  F 
ATMOSPHERIC  DENSITY  (RO) .002372 SL/CU FT 
AIRCRAFT  TRUE  AIRSPEED 193.8 FPS 
DYNAMIC  PRESSURE 44.55 PSF 
TABLE 6A. FLIGHT CONDITIONS, FLIGHT #16 
RUNS 1 AND 2. 
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FLIGHT  16/RUN 3 INITIAL  CONDITIONS 
TEST LOCATION WEST OF SAN JUAN  ISL DS 
LOCAL ALTIMETER  SETTING 30.12 I N  HG 
WIND DIRECTION FROM 255 MAGNETIC 
WIND VELOCITY 1 0  KNOTS 
DIRECTION  OF  FLIGHT 350 MAGNETIC 
RELATIVE WIND  COMPONENTS 
1 FPS, FRM BEHIND 
1 7  FPS, FROM LEFT 
CALIBRATED  AIRSPEED 133 MPH 
PRESSURE  ALTITUDE 1 0 5  FT 
HEIGHT ABOVE SURFACE 1 0 0  F T  
OUTSIDE  AIR TEMPERATURE 58 DXG F 
ATMOSPHERIC  DENSITY  (RO) .002373 SL/CU F T  
AIRCRAFT TRUE AIRSPEED 195 .2  FPS 
DYNAMIC PRESSURE 4 5 . 2 2  PSF 
FLIGHT  16/RUN 4 INITIAL  CONDITIONS 
TEST LOCATION WEST OF SAN JUAN  ISL DS 
LOCAL ALTIMETER  SETTING 30 .12  I N  HG 
WIND DIRECTION FROM 255 MAGNETIC 
WIND VELOCITY 10 KNOTS 
DIRECTION  OF  FLIGHT 1 7 0  MAGNETIC 
RELATIVE WIND COMPONENTS 
1 FPS, FROM  AHEAD 
1 7  FPS, FROM RIGHT 
CALIBRATED  AIRSPEED 1 3 0  MPH 
PRESSURE  ALTITUDE 1 0 0  F T  a 
HEIGHT ABOVE SURFACE 95  F T  
OUTSIDE  AIR TEMPERATURE 58 DEG F 
ATMOSPHERIC  DENSITY  (RO) .002373 SL/CU F T  
AIRCRAFT TRUE AIRSPEED 1 9 0 . 8  FPS 
DYNAMIC PRESSURE 4 3 . 2 1  PSF 
TABLE 6B. FLIGHT  CONDITIONS,  FLIGHT #16 
RUNS 3 AND 4 .  
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1 5  
. 6  1 . 2  1 6  
. 5  1 . 5  
T 
( O K )  
2 8 2 .  S 
2 8 3 . 1  
l? = I ° C / l O O  m 
g = 9 . 8 1  m/sec2 
TABLE 7 -  CALCULATION OF THE  GRADIENT 
RICHARDSON  NUMBER  FOR  FLIGHT 
# 15 AND #16. 
4 0  
i Auto C o r r e l a t i o n  Cross  C o r r e l a t i o n  Run Run F l i g h t  Direc- t i o n  ( l e f t  & r i g h t )  Direc- t i o n  
wind 
wind 
" " . . ." 
.53 
.71  
.87 
.97 
Compo- 
nen  t 
Compo- 
nen  t 
v -v L R  
v -1) L R  
15 down- 
wind 
.98 
.90 
.62 
.66 
U L 
U R 
V L 
u -u L R  c r o s s -  wind 
V R 
TABLE 8- COMPARISON  BETWEEN  THE  AUTOCORRELATION  AND 
THE  CROSS  CORRELATION OF LONGITUDINAL  AND 
LATERAL  GUSTS. 
T Run A u t o c o r r e l a t i o n  C r o s s  C o r r e l a t i o n  
"" ~- 
Compo- 
nen t ~- 
W 
W 
W 
L 
R 
L 
wR 
W 
W 
W 
W 
L 
R 
L 
R 
'I Direc- t i o n  F l i g h t  Compo- n e n t  
15 . 4 3  
.70 
.13 
.18 
.32 
.34 
.82 
.75 
1 upwind 
2 down- 
wind 
3 c r o s s -  
wind 
4 c r o s s -  
wind 
w - w  L R  . 5 1  
w - w  L R  
w - w  L R  
w - w  L R  
.17 
.45 
.77 
TABLE 9.  COMPARISON  BETWEEN  THE  AUTOCORRELATION  AND 
THE  CROSS  CORRELATION OF VERTICAL  GUSTS. 
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I I I  
i 
F l i g h t .  
15 
16 
Run 
upwind 
downwind 
c rosswind  
crosswind 
upwind 
downwind 
crosswind 
c rosswind  
L 
U L 
205 
243 
260 
299 
165 
294 
249 
135 
S c a l e  L e n g t h  
113 
130 
128 
205 
140 
1 7 1  
239 
14  7 
53 
83 
62 
119 
52 
90 
93 
8 1  
234 
251 
240 
353 
2 05 
359 
262 
170 
125 
140 
111 
183 
135 
159 
219 
229 
Lw R 
5 1  
72 
54 
99 
44 
84 
9 1  
68 
TABLE 10. SCALE LENGTHS OF ATMOSPHERIC 
TURBULENCE (f t) . 
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FIGURE 24. POWER SPECTRAL 
DENSITY. FLIGHT 16 RUN 2 
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APPENDIX A 
INSTRUMENTATION 
This  appendix  presents  a  description  of  the  instrumen- 
I tation  system  used  in  this  research,  as  well  as  of  the  methods 
of  calibration  for  the  different  instruments.  A  separate  sec- 
tion, A.3, gives  special  attention  to  the  problem  of  measuring 
gusts  in  the  direction  of  flight,  as  this  proved  to  be  a  major 
problem in this  research  program. 
A.l Description  of  the  Data  Instruments 
In  table  A1  a  summary  of  the  data  instruments  with 
their  most  important  characteristics  is  given. 
The  Pressure  Transducers.-Statham  Instruments  Inc.  model 
PM 283TC,  were  selected  particularly  because  of  their  low 
The  approximate  natural  frequency  of  the  pressure  trans- 
ducers  is  given  by  the  manufacturers as 2,000 H z ,  which  is 
well  above  the  region  of  interest  in this  research  program. 
The  Accelerometers.-These  were  located  behind  the  instru- 
ment  panel  in  the  right  front  corner  of  the  cabin,  against  the 
bulkhead  dividing  the  cockpit  and  the  cabin.  Both  accelero- 
meters  were  manufactured  by  Statham  Laboratories,  Inc.  The 
lateral  accelerometer  was  a  model  A  301TC-1-350-12425,  with 
a  range  of k Zg , while  the  vertical  accelerometer  was  a model
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NA1 D47-T-30,  with  a  range k 3g . 
Both  accelerometers  were  fixed  on  a  platform,  which  could 
be  tilted  and  rotated, so that  the  platform  could  be  brought 
to a  level  position  for  calibration  purposes. 
The  Vertical  Gyro.-This was  also  located  in  the  nose  bay 
of  the  aircraft,  and  was  used  to  measure  the  roll  angle of 
the  aircraft.  This  gyro was manufactured  by  Honeywell,  model 
number  JG  7044A-17.  The  platform on which  the  gyro  was  fixed 
could  be  tilted  for  calibration  of  the  gyro. 
A.2  Calibration of the  Data  Instruments 
The  data  instruments  were  calibrated  by  subjecting  the 
instruments  to  a  known  physical  input  and  then  adjusting  the 
output  voltages  to  a  value  that  would  give  sufficient  sensi- 
tivity  during  the  data runs,  but  at he  same  time  would  not 
result  in  peaked-out  signals  during  motions  of  the  aircraft 
or  in  high  gusts. 
The  Pressure  Transducers.-These  were  calibrated  in  a  test 
set-up  as  shown  in  Fig.  Al.  The  pressure  in  the  enclosed 
volume was changed by-moving the  neoprene  piston  in  the  plastic 
cylinder.  The  magnitude  of  the  pressure  was  measured  by  the 
manometer  which  was  set  at  an  angle  of 28.8O so that 1" 
difference  in  fluid  level  on  the  manometer  would  correspond 
to  2  psi  differential  pressure. 
The  calibrations  were  performed  by  first  putting  a  pres- 
sure  load on the  pressure  transducer  and  measuring  the  cor- 
responding  output.  The  pressure  would  then  be  returned  to 
zero level  and  by  pushing  the  calibration  button  the  normally 
open switch (Fig. A1 would be closed, shifting the balance 
of the  bridge,  which  resulted  in  a  jump  in  the  output  voltage. 
This  voltage  then  corresponded  to  the  calibration  value  for 
that  channel.  The  calibration  values  used  for  flight  #15 
and #16 are  given  in  table  A2. 
The  Rate  Gyros.-These  were  calibrated by  positioning 
them  on  a  rocker  table,  which  oscillated. The  angle  traversed 
7 6  
by  the  rocker  table 
14O 35' would  then 
was  measured  accurately.  Its  value, 
correspond  to  the  area  under  the  rate  vs. 
time  curve.  This  curve  was  obtained  by  plotting  the  output 
voltage of the  rate  gyro  on mm graph  paper.  From  this  the 
physical  equivalent  of 1 mm would  be  known  and  thus  the 
equivalent of the  calibration  jump  could  be  calculated  in 
rad/sec. Table A 2  presents  the  values  that  were  used  for 
the  calibration  jumps of the rate gyros. 
The  Accelerometers.-These  were  calibrated  by  first  bring- 
ing  the  platform on which  they  were  fixed,  to  a  level  position. 
In-this position  the  lateral  accelerometer  would sense-zero 
acceleration  while  the  vertical  accelerometer  would  be  subject- 
ed to 2 g .  The  output  voltages  of  the  accelerometers  were 
zeroed  in  this  position. 
The  platform  was  then  rotated  over  a  prescribed  angle 
a ( +  l U o  for  the  lateral  accelerometer  and + 45' for  the  verti- 
cal  accelerometer).  The  component  of  the  gravitational 
acceleration  in  the  sensitive  direction  of  the  accelerometers  at 
these  angles  could  be  calculated  from  the  following  relations: 
a = g s i n  a 
Y 
a = g ( l  - cos a )  z 
These  accelerations,  with  the  accelerometers  at  the  respective 
calibration  angles,  would  then  correspond  to  the  output  voltages 
measured at the  output  of  the  accelerometers.  These  relations 
were  then  used  to  calculate  the  accelerations  which  would  cor- 
respond  to  the  voltage  outputs  which  occurred  when  the  calibra- 
tion  button  was  pushed. 
The  Vertical  Gyro.-This  was  calibrated  by  rotating  the 
platform  on  which it  was  fixed  over  a l U o  angle  about  an 
angle  parallel  to  the  aircraft  roll  axis.  The  value  for  the 
calibration  jump  that  resulted  from  this  calibration  is  given 
in  table A 2 . 
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A.3 Measurement of the  Long i tud ina l  Gus t s  
The measurement of t h e  l o n g i t u d i n a l  g u s t s  ( g u s t s  i n  
t h e  d i r e c t i o n  of f l i g h t )  p o s e d  a major problem i n  t h i s  r e s e a r c h  
program. The i n i t i a l  c o n c e p t  w a s  t o  measu re  the  d i f f e rence  
between the s t a t i c  and the t o t a l  head  p res su res  on the probe-  
head, which i n  e s s e n c e  i s  t h e  dynamic pressure 
From t h i s  t h e  i n s t a n t a n e o u s  l o n g i t u d i n a l  v e l o c i t y  of t h e  
flow w . r . t .  the   p robehead   could   be   ca lcu la ted .   Subt rac t ing  
the  ave rage  a i r speed  0.f the a i rcraf t  from Llis ins t an taneous  
v e l o c i t y  would g i v e  t h e  g u s t  v e l o c i t y  i n  l o n g i t u d i n a l  d i r e c t i o n .  
This  set-up poses  a problem when t h e  a i rc raf t  unde rgoes  s l i gh t  
c h a n g e s  i n  a l t i t u d e ,  e . g .  a d e c r e a s e  i n  a l t i t u d e ,  which  means 
a n  i n c r e a s e  i n  d e n s i t y ,  is  usually accompanied by an  increase  
i n  v e l o c i t y  of t h e  a i r c ra f t .  Such a maneuver  would  then be 
r e g i s t e r e d  as a . g u s t ,  w h i l e  i n  a c t u a l i t y  n o  g u s t  h a d  t a k e n  p l a c e .  
First it was a t tempted  t o  solve th i s  p rob lem by s e t t i n g  
up a system as shown i n  F ig .  A 2  . P r e s s u r e   p o r t  #1, con- 
nec ted  t o  t h e  f r o n t  s i d e  of t h e  p r e s s u r e  t r a n s d u c e r ,  m e a s u r e s  
the  pressure  f rom which  the  gus t  ve loc i ty  would  be  ca lcu la ted .  
P r e s s u r e  p o r t  # 2 ,  connected v ia  a c a v i t y  t o  the  back  s ide of 
the  p re s su re  t r ansduce r ,  p rov ides  a re ference  pressure  which ,  
t h rough  p rope r  d imens ion ing  o f  t he  cav i ty  s i ze ,  would vary with 
a l t i t u d e  c h a n g e s  of t h e  a i r c r a f t .  The v a r i a t i o n s  of t h e  p r e s -  
s u r e  a t  p r e s s u r e   p o r t  # 2  which  have  frequencies  higher  than 
t h e  a l t i t u d e  v a r i a t i o n s  of t h e  a i rcraf t ,  would be damped o u t  
i n  t h e  c a v i t y .  C a l c u l a t i o n s  showed however, t h a t  t h i s  t y p e  o f  
p h y s i c a l  f i l t e r  does  not  have  a c u t - o f f  t h a t  would be adequate- 
l y  s h a r p  t o  f i l t e r  ou t  t he  a tmosphe r i c  t u rbu lence  f r equenc ie s ,  
w h i l e  l e t t i n g  t h e  f r e q u e n c i e s  i n  t h e  r a n g e  of the change of 
a l t i t u d e  of t h e  a i r c r a f t  through.  
The s e c o n d  p o s s i b l e  s o l u t i o n  f o r  t h i s  p r o b l e m  w a s  based 
on the  fo l lowing  concep t .  A ventur i  p robe  can  be dimensioned 
so t h e  f o l l o w i n g  r e l a t i o n  i s  v a l i d :  
P 2  = PI - 1 "p 2 U 2  1 
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f j i  
: This   ventur i   p robe  is connected t o  t h e   f r o n t   s i d e  of t h e  
1 
i pressure  t ransducer ,  whi le  the  back  s ide  of  the  t ransducer  
is connected ,  v ia  a va lve ,  t o  a similar ven tu r i  p robe  
(Fig.  A3 ) .  A t  the  beginning  of  each data run   t he   va lve  
i s  closed.  I n  th i s  a r rangement  the  pressure  t ransducer  measures  
This system w a s  b u i l t ,  e x t e n s i v e l y  t e s t e d  i n  t h e  V e n t u r i  
windtunnel of the Department of Aeronautics and Astronautics 
of the Universi ty  of  Washington,  and instal led on the probe- 
heads  (Fig. A 4  ) .  S e v e r a l   f l i g h t s  w e r e  made w i t h   t h i s  set- 
up.  The system  worked w e l l  i n s o f a r  a s  change i n  a i r c r a f t  
a l t i t u d e  d i d  n o t  a f f e c t  t h e  s i g n a l  l e v e l .  However, the  f low 
th rough  the  ven tu r i  p robes  gene ra t ed  no i se  in  t h e  s ignal ,  which 
c o u l d  n o t  b e  f i l t e r e d  o u t  as some of t he  no i se  was ve ry  c lose  
t o  t h e  f r e q u e n c y  r a n g e  o f  i n t e r e s t  i n  t h i s  r e s e a r c h  p r o g r a m .  
The system eventually used for the measurement of the 
l o n g i t u d i n a l  g u s t s  rests on the  fo l lowing  p r inc ip l e .  
The f r o n t  s i d e  of the  p re s su re  t r ansduce r  w a s  connected 
t o  t h e  t o t a l  h e a d  p r e s s u r e  p o r t  on the hemispherical  probe-  
head. The back side of t h e  t ransducer  w a s  connected  via a 
v a l v e   t o   a n o t h e r   t o t a l   h e a d   p r e s s u r e   p o S t  (Fig- A5)-  When 
the  va lve  i s  c losed ,  the pressure t ransaucer  measures  
The va lves  were c l o s e d  a f t e r  t h e  a i r c r a f t  had been 
e s t a b l i s h e d  on a course and w a s  m a i n t a i n i n g  t h e  a l t i t u d e  
selected f o r  t h i s  f l i g h t  a c c u r a t e l y .  A f t e r  c l o s u r e  o f  t h e  
valves,  the data recording equipment was s t a r t e d .  
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-0 
L 1  
L2 
* ~ x  L e f t  
'py L e f t  
" z  L e f t  
*'x R i g h t  
"y R i g h t  
"z R i g h t  
r o l l  ra te  rate g y r o  
P 
p i t c h  ra te  rate g y r o  
Q 
yaw rate r rate gyro  
d i f f .   p r e s s u r e   t r a n s d u c e r  
d i f f .  p r e s s u r e   t r a n s d u c e r  
d i f  f . p r e s s u r e   t r a n s d u c e r  
d i f  f . p r e s s u r e   t r a n s d u c e r  
d i f f .   p r e s s u r e   t r a n s d u c e r  
I d i f f .   p r e s s u r e   t r a n s d u c e r  
la teral  a c c e l e r o m e t e r  
accelera- I 
t i o n  a y l  
v e r t i ca l  a c c e l e r o m e t e r  
accelera- 
t i o n  a z 
r o l l  ver t ical  gy ro  
a n g l e  $I 
Sta tham 
S ta tham 
S ta tham 
S ta tham 
S ta  tham 
S ta tham 
Honeywell 
Honeywell 
Honeywell 
S t a tham 
I Statham Honeywell 
Model 
PM283TC 
PN283TC 
~ m a m  
PX283TC 
PM283TC 
PX283TC 
JG7005A- 
11 
JC7005A- 
il 
LG7005A- 
11 
A301TC 
K A l  D47 
JG7044A- 
17 
Range 
.." . . 
? .15 p s i d  
2 . 1 5   p s i d  
2 .15 p s i d  
2 .15 p s i d  
2 -15 2 s i d  
2 . I 5  p s i d  
? 6 deg/se;  
2 6 d e g / s e c  
5 6 d e g j s e c  
+ l g  
2 3g 
TABLE AI. CHARACTERISTICS OF THE DATA INSTRUMENTS 
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Chan- 
nel 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Instru- 
ment 
pressure 
traris- 
ducer 
I1 
11 
11 
11 
11 
rate 
gyro 
11 
11 
accelero 
meter 
11 
vertical 
gyro 
Ground  Calibration 
Physical 
Calibration 
6 psf 
9 psf 
9 psf 
6 psf 
9 psf 
9 psf 
.084 radlsec 
.084 radlsec 
.084 radlsec 
5.59 ftlsec 2 
9.45  ftlsec 2 
.174 rad 
Signal 
Voltage 
.~ 
.5 
.55 
.5 
.5 
.5 
.55 
.41 
1.0 
.66 
.975 
.65 
.5 
~~ 
Bridge  Voltage 
~~ 
Signal 
Voltage 
.5 
.55 
.5 
.5 
.5 
.52 
.56 
.5 
.55 
.48 
.72 
.65 
~ ~~ 
Calibration 
Value 
6 psf 
9 psf 
9 psf 
6 psf 
9 psf 
8.5  psf 
,115  radlsec 
.042  radlsec 
.07 radlsec 
2 2.75 f  tlsec 
10.47 ft/sec 2 
.236 rad 
TABLE A2. CALIBRATION OF THE DATA INSTRUMENTS 
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FIGURE A3. 
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T o t a l  head p re s su re  p o r t  
P re s su re  transducer 
I 
Total head  pressure  port 
SYSTEM WITH TWO TOTAL HEAD PRESSURE  PROBES 
FOR NEASUREWENT OF LONGITUUINAL GUSTS 
APPENDIX B 
DATA REDUCTION 
This  appendix presents  a descr ipt ion of  the computat ions 
t h a t  w e r e  performed t o  o b t a i n  s p e c t r a l  p r o p e r t i e s  from the 
data  as  measured in  f l i g h t  and recorded on the analog tapes .  
B . l  Evaluation  of Raw Data 
A f t e r  e a c h  f l i g h t  t h e  d a t a  were checked by playing the 
ana log  tapes  back  and  record ing  the  s igna ls  on a cha r t  r eco rde r .  
This  char t  could be checked to  see t h a t  a l l  channe l s  had  
cont inuous  data .  I f  any  in s t rumen t  f a i lu re s  had  occurred  dur- 
ing t h e  f l i gh t ,  t h i s  cou ld  be  de t ec t ed  immedia t e ly .  
From the  r eco rd ings  made during the motions a t  a l t i t u d e  it 
could be determined whether any signals had peaked out i n  severe  
g u s t s .  The analog records w e r e  a lso used i n  checking the cal i -  
bra t ion  va lues  of  the  s igna ls  f rom the  t ransducers .  
B . 2  D i g i t i z i n g  
A f t e r  it was de te rmined  tha t  t h e  analog records of a 
f l i g h t  c o n t a i n e d  no e r r o r s ,  t h e  d a t a  were d i g i t i z e d .  D i g i t i z i n g  
was performed on the   Var ian  620f d i g i t i z e r  of the  Department 
of Geophysics of the University of Washington. 
The d a t a  were played  back on t h e  Ampex F R  1300 analog 
taperecorder  on which  these  da ta  were recorded i n  f l i g h t .  The 
d i g i t i z e r  sampled  the 1 2  channels  of d a t a  a t  a sampl ing   ra te  
of 1 0 0  samples  per  second. The d a t a   p o i n t s  ( 1 2 0 0  per  second) 
were w r i t t e n   o n t o   t h e   d i g i t a l   t a p e  i n  blocks of 996 d a t a  
p o i n t s ,   g i v i n g  - 8 3  seconds  of  data  per  block. 
Each f l i g h t  c o n s i s t e d  of a "motions a t  a l t i t u d e "  r u n  and 
four  da ta  runs .  Each run w a s  d i g i t i z e d  a c c o r d i n g  t o  t h e  f o l -  
lowing format: 
- First  a s h o r t  f i l e  c o n t a i n i n g  t h e  c a l i b r a t i o n  d a t a  f o r  
the  run .  
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- Followed by an end-of-file mark. 
- I n  t u r n  followed by a f i l e  c o n t a i n i n g  t h e  d a t a  of t h e  
run. 
- Another end-of-file mark. 
A f t e r  d ig i t iz ing  had  been  per formed the  qua l i ty  of t h e  
d i g i t i z e d  d a t a  w a s  checked by p l o t t i n g  t h e  d a t a  on a d i g i t a l  
p lo t t e r  and  v i sua l ly  examin ing  the  r eco rds .  
F igure  B 1  p r e s e n t s  a d i g i t a l   r e c o r d  of a l l  1 2  channels 
fo r  t h e  c a l i b r a t i o n  of f l i g h t  # 7 ,  Motions a t  A l t i t u d e .  A s  can 
be seen the s igna l   o f   channel  11, t h e   v e r t i c a l  accelerometer, 
contained noise .  I t  was d e t e r m i n e d  t h a t  t h i s  n o i s e  h a d  a 
frequency of approximately 33 H z ,  and was p r o b a b l y  t h e  r e s u l t  
o f  eng ine  v ib ra t ions  in  the s e n s i t i v e  d i r e c t i o n  of t h e  ac- 
celerometer. 
I t  was decided t o  f i l t e r   o u t  this noise  through a z - f i l t e r  
w i t h  a cornerfrequency a t  2 5  Hz. T h i s  f i l t e r i n g  was a lso per-  
formed on t h e  V a r i a n  d i g i t i z e r .  
B.3 Computation  of  Gust T i m e  Histories 
A f t e r  completion of the  d i g i t i z i n g  p r o c e s s  the d a t a  were 
i n  the proper format f o r  use  in  the  computa t ion  of t h e  g u s t  
time his tor ies .  This  computa t ion  w a s  performed on t h e  CDC 6 4 0 0  
computer of the University of Washington Computer Center. 
Inpu t s  t o  the  computation  process were 1 2  channels of 
d a t a   i n   d i g i t i z e d   f o r m ,   i n   b l o c k s   o f  . 8 3  seconds  on  the 
d ig i t a l   t apes .   Ou tpu t s   f rom  the   p rocess  were 6 channels of 
g u s t  time h i s t o r i e s ,   w r i t t e n   i n   b l o c k s  of . 8 3  seconds on 
d i g i t a l  t a p e s .  
Program GUST was w r i t t e n  t o  execute  these computat ions.  
The main computations of t h i s  program were based on t h e  fo l -  
l owing   r e l a t ions .  A s  shown i n  s e c t i o n  2 . 3  of t h i s  r e p o r t  
t h e  r e l a t i o n  b e t w e e n  t h e  d i f f e r e n t i a l  p r e s s u r e  a n d  t h e  a n g l e  
of a t t a c k  i s  g iven  a s  
a =  P H C * q  
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(B.3.1) 
where PHC is  the  probehead  constant  
tunnel   t es t ing   and  q i s  t h e  dynamic 
a t t a c k  and the s idewash angle  for  t h e  
Beechcraf t  D-18s N4545 are then  
a =  p 5.45 * q 
A P  
6, = 4 . 7  : q 
as determined in wind- 
pressure .  The ang le  of 
t w o  probeheads on 
(B.3.2) 
(B.3.3) 
I t  i s  t h e n  p o s s i b l e  t o  c a l c u l a t e  t h e  v e l o c i t y  of t h e  a i r  w . r . t .  
the  probehead.  These  measured  velocit ies  are  designated  as 
v and wrn rn 
v = Bp m * ( u  + u  I P c . g .  
w = a  * ( u  + u  ) m P P c . g .  
(B. 3 .4 )  
(B.3.5) 
where u i s  t h e  v e l o c i t y  of t he  center o f   g rav i ty  of t h e  
a i r c r a f t  w . r . t .  a wind-fixed  coordinate  system. u i s  t h e  
v e l o c i t y  of the probehead w . r . t .  a n  a i r c r a f t - f i x e d  i n e r t i a l  
coordinate  system. u i s  obta ined  f r o m  t h e  yaw rate s i g n a l  
i n  t h e  f o l l o w i n g  manner 
c . g .  
P 
P 
(B.3.6)  
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where P is  t h e  yaw rate and y is  the   d i s tance   be tween 
the  center l ine  of  the  probe  and  the  center  of  grav i ty  of  the  
a i r c r a f t  . 
The v e l o c i t y  of t h e  a i r  w . r . t .  t he  p robeheads  in  t h e  longi-  
t u d i n a l  d i r e c t i o n  o f  t h e  a i r c r a f t  i s  measured with a system as 
described in  append ix  A . 3 .  The re la t ion  be tween t h e  d i f f e r e n -  
t i a l  p re s su re  and the  measured  ve loc i ty  in  2-d i rec t ion  is f o r  
t h i s  s y s t e m  
(B.3.7) 
where P is  t h e   d e n s i t y  of the  atmosphere.  
I n  o r d e r  t o  compute t h e  g u s t s  t h a t  a c t u a l l y  o c c u r r e d  i n  
the  a tmosphere ,  the  ve loc i ty  of t h e  a i r  w . r . t .  the  probeheads 
due t o  t h e  m o t i o n s  of t h e  a i r c r a f t  had t o  be removed from t h e  
measured   ve loc i t ies  u z, and w m  . The motions  of  the 
probes were computed in  the  fo l lowing  manner .  
"- "
m' m 
First t h e  v e l o c i t y  components  of t h e  center of  grav i ty  of  
t h e  a i r c r a f t  were computed from the general  equations of motion 
f o r   a i r c r a f t .   T h e s e   e q u a t i o n s   a r e  
" x g s i n e = i + q w - r u  
m 
Y - + g c o s  8 si.n @ = v + r u  - p w  m 
. 
2 - + g cos 8 c o s  @ = w + pv  - qu m 
. 
(B.3.8) 
where X , Y and 2 a r e  t h e  aerodynamic  forces  on t h e   a i r c r a f t ,  
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8 and 9 are the p i tch   and  r o l l  angles ,  
p , q and r are t h e  r o l l ,  p i t c h  and yaw rates and 
u , v and w are t h e  velocit ies of t h e  c .g .  of t h e  a i rc raf t  
i n  z , y and z d i r e c t i o n .  
As t h e  a n g l e s  are small the  above  equat ions  can  be  l inear ized  
as fol lows 
U e. g. = a  
. 
V = a  + g . @ - r - u  + p  w 
e.  g .  Y c . g .  c .g .  ( B . 3 . 9 )  
w e .g .  (aZ + g )  
. U c .g .  - P  . V e. g.  
The velocity components of the  ce ,n te r  of g r a v i t y  of t h e  a i r c ra f t  
i n  y and z d i r e c t i o n  are then  obtained from Eq. B.3.9 by 
t r a p e z o i d   i n t e g r a t i c n .  The l o n g i t u d i n a l   v e l o c i t y  of the a i r -  
c r a f t  i s  computed i n  a l i t t l e  d i f f e r e n t  manner. The i n i t i a l  
va lue  i s  taken from the hand-taken data and changes only i f  b o t h  
the  l e f t  and r igh t  probe  measure  an  increase  or decrease of 
forward veloci ty .  
The velocity components of t h e  probes are then  computed 
wi th  the  fo l lowing  r e l a t ions  
V = v  + r * x  
PZef t  e .  g .  
V = v  + r * x  
G i g h t  e.  g .  
( B . 3 . 1 0 )  
W = w  - p * y - q * x  
%eft e. g .  
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W = w  + p * y - q * x  
h i g h  t c.g. 
The g u s t s  a c t u a l l y  o c c u r r i n g  i n  the atmosphere are then found 
by sub t r ac t ing  the  ve loc i t i e s  measu red  by the  probes  from t h e  
probe motion velocities. 
B.4 Data F i l t e r i n g  f o r  D r i f t  Removal 
The o u t p u t  of program GUST w a s  checked by p l o t t i n g  t h e  
g u s t  t i m e  h i s t o r i e s  vs. t i m e .  I t  was d i scove red  tha t  excess ive  
d r i f t  o c c u r r e d  i n  t h e  g u s t s ,  p a r t i c u l a r l y  i n  t h e  la teral  and 
v e r t i c a l  d i r e c t i o n ,  a l t h o u g h  t h e  l o n g i t u d i n a l  g u s t s  a l s o  
showed some d r i f t .  
For t h e  l o n g i t u d i n a l  g u s t s  t h i s  d r i f t  w a s  traced t o  a 
slow change i n  p r e s s u r e  i n  t h e  closed-off volume between t h e  
pressure t ransducer  and t h e  valve.  Appendix A.3 p r e s e n t s  a 
f u l l  d e s c r i p t i o n  of t h i s  system. The change in  p re s su re  occur -  
red due t o  equal iza t ion  of  tempera ture  in  and  outs ide  the  
tub ing .  In su la t ion  of the  tub ing  pa r t ly  so lved  t h i s  problem. 
F i l t e r i n g  of t h e  d a t a  s t i l l  was deemed necessary.  
The d r i f t  i n  the la teral  and v e r t i c a l  g u s t  t i m e  h i s t o r i e s  
was t r a c e d  t o  the  in tegra t ion  procedure  in  program GUST. The 
v e l o c i t i e s  of the c e n t e r  of g r a v i t y  of the a i rc raf t  were ob- 
t a i n e d  by i n t e g r a t i o n  of rate gyro and accelerometer  s ignals  
over  time. These  instruments had been  zeroed as a c c u r a t e l y  
as p o s s i b l e ,  b u t  a s l i g h t  d e v i a t i o n  from the t r u e  z e r o  i n  time 
i n t e g r a t e d  t o  a large va lue .  
It  w a s  decided t o  set  up a f i l t e r i n g  p r o c e d u r e  similar t o  
tha t  used  in  program LO-LOCAT Phase I11 and described i n  [ 1 2 1 -  
According t o  t h i s  procedure the data are f irst  f i l tered 
through a pre l iminary  low pass  f i l t e r ,  t h e  Ormsby f i l t e r ,  wi th  
characteristics a s  shown i n   F i g .  B2 . The fol lowing  values  
were se l ec t ed :  
c u t  off frequency f = . 2  cy/sec 
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r o l l  o f f   f r equency   i n t e rva l  Af = 1.66 cy/sec 
number of filter weights  N = 50 
The sampling frequency of t h e  d a t a  w a s  a l ready determined as 
100 samples/sec. The ou tpu t  of t h e  Ormsby f i l ter  w a s  an 
a r r ay  o f  we igh ted  da ta  po in t s  w i th  a rate of 2 samples  per 
second. 
This  ou tput  w a s  then used as i n p u t  for the secondary l o w  
pass  filter, t h e  Martin-Graham f i l t e r ,  which had character- 
istics a s  shown i n  Fig. B3'. The fo l lowing  were the   va lues  
s e l e c t e d  for  t h i s  filter: 
cut   o f f   requency  f, = .01 cy/sec 
r o l l  off   requency interval  Af = .036 , $ /see  
sampling  frequency 2 samptes/sec 
number of f i l ter  weights  7 0  
The output  of t h e  Martin-Graham f i l ter  cons is ted  of  the  
weighted average of t h e  o r i g i n a l  d a t a ,  which w a s  then sub- 
t r a c t e d  from t h e   o r i g i n a l   d a t a .   F i g .  B4 , €35 and B6 
p r e s e n t  f i l tered g u s t  t i m e  h i s t o r i e s  of t h e  l o n g i t u d i n a l ,  
la teral  and  ver t ica l  gus t  components .  
Computer  program NODRIFT performed  these  computations.  A 
pr in tout  of  th i s  program is given a t  t h e  end of t h i s  s e c t i o n .  
B.5 Computat ion  of   the  Spectral   Propert ies  
The f i l t e r e d  g u s t  t i m e  h i s t o r i e s ,  o u t p u t  of program 
NODRIFT, were used in  the  computa t ion  of t h e  s p e c t r a l  p r o p e r t i e s  
of the  a tmospheric   turbulence.  The computer  program  used t o  
compute t h e  s p e c t r a l  p r o p e r t i e s  w a s  developed by P.M. Reeves. 
Some minor changes w e r e  made i n   t h i s  computer program, program 
ANALIZ, t o  a c c o u n t  for  t h e  d i f f e r e n c e  i n  t h e  f o r m a t  of t h e  d a t a .  
A p r i n t o u t  of t h e  main program of computer program ANALIZ is  
g i v e n  a t  t h e  e n d  of t h i s  s e c t i o n .  
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